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Abstract: Sarcopenia is a prevalent degenerative skeletal muscle condition in the elderly population,
posing a tremendous burden on diseased individuals and healthcare systems worldwide. Conven-
tionally, sarcopenia is currently managed through nutritional interventions, physical therapy, and
lifestyle modification, with no pharmaceutical agents being approved for specific use in this disease.
As the pathogenesis of sarcopenia is still poorly understood and there is no treatment recognized as
universally effective, recent research efforts have been directed at better comprehending this illness
and diversifying treatment strategies. In this respect, this paper overviews the new advances in
sarcopenia treatment in correlation with its underlying mechanisms. Specifically, this review creates
an updated framework for sarcopenia, describing its etiology, pathogenesis, risk factors, and conven-
tional treatments, further discussing emerging therapeutic approaches like new drug formulations,
drug delivery systems, stem cell therapies, and tissue-engineered scaffolds in more detail.

Keywords: sarcopenia pathophysiology; sarcopenia treatment; new therapeutic agents; stem cell
therapy; drug delivery; tissue engineering; clinical trials

1. Introduction

Skeletal muscle represents the most abundant tissue of the human body, accounting
for 40% of the overall weight. A highly specialized tissue, skeletal muscle is involved in
numerous dynamic functions (e.g., locomotion, posture control, force generation, masti-
cation, and respiration) and metabolic processes (e.g., substrate storage for other tissues
and heat generation) [1-3]. Given the significant rise in the aging population worldwide
and the fact that muscular mass and function deteriorate with age, skeletal muscle issues
have become more widespread. Addressing and managing age-related chronic conditions,
such as obesity, sarcopenia, and osteoporosis, has become increasingly urgent due to their
negative impact on quality of life [4-7].

Notably, sarcopenia significantly burdens society and the healthcare system, being
characterized by muscle mass and function decline with age, resulting in diminished
mobility, restrained posture maintenance, and reduced overall well-being [4,6,7]. With an
estimated prevalence of 10-16% of the global elderly population, 18% of diabetics, and 66%
of patients with unresectable esophageal malignancies, sarcopenia is associated with an
elevated risk of various negative health outcomes, counting reduced overall and disease-
progression-free survival rates, complications after surgery, extended hospital stays in
patients with different medical conditions, as well as increased likelihood of falls, fractures,
metabolic disorders, cognitive impairment, and mortality in the general population [8,9].
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This degenerative skeletal muscle condition affects muscle strength, quantity, and
quality of older individuals, being generated by a series of complex interrelated internal
(e.g., inflammation, autophagy, mitochondrial dysfunction, defective myogenesis) and
external factors (e.g., poor diet, lack of physical activity, hormone imbalances) [4,6,10-12].
Given the intricate nature of sarcopenia, understanding the various risk factors and recog-
nizing the significance of preventive and control techniques are critical stages in managing
this burdening disease.

In this context, this review aims to create an up-to-date framework for sarcopenia,
starting with its etiology, pathogenesis, risk factors, and conventional treatment approaches
and moving to emerging therapeutic strategies. Specifically, this paper overviews the recent
developments concerning novel synthetic and natural therapeutic formulations, drug
delivery methods, stem cell therapies, and tissue-engineering scaffolds that hold promise
for future implementation in sarcopenia treatment. Moreover, completed interventional
studies on sarcopenia are reviewed to offer a complete and updated perspective of the
current research status against this disease.

2. Sarcopenia—Etiology, Pathogenesis, and Risk Factors

Sarcopenia is a comprehensive degenerative skeletal muscle disease usually affecting
the elderly population. It encompasses a pathological reduction in muscular strength,
mass, and function [10,11]. Two types of sarcopenia can be distinguished: primary and
secondary. The primary disease is age-related, while secondary sarcopenia has been linked
with various causes, including decreased physical activity levels, preexisting health issues,
and poor nutrition [13].

The concept of sarcopenia remains a topic of debate, with no widely acknowledged
consensus on its diagnosis [14]. The diagnostic criteria for sarcopenia rely on examin-
ing muscular strength, mass, and performance [10]. Sarcopenia is classified as severe
when low muscular strength, quantity / quality, and physical performance are registered
together [14,15] (Figure 1). Possible tools for diagnosis include dual-energy X-ray absorp-
tiometry, bioelectrical impedance analysis, computed tomography, magnetic resonance
imaging, gait speed assessment, and muscle biopsy [15].
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Figure 1. 2018 operational definition of sarcopenia. Created based on information from [14,15].

While the exact cause is unknown, research indicates a complex interaction of intrinsic
and extrinsic variables. In skeletal muscle, dysregulation in processes such as inflammation,
apoptosis, autophagy, mitochondrial dysfunction, neuromuscular junction degradation,
and disturbed calcium metabolism leads to defective myogenesis and muscle atrophy.
Extrinsic factors such as hormone imbalances, poor diet, immobilization, and systemic
inflammation aggravate muscle deterioration [4,12].

Furthermore, age is an essential factor in sarcopenia onset, with inadequate physical ac-
tivity and altered gene regulation being two critical processes driving its advancement [4,12].
Compared with other age-related illnesses that facilitate sarcopenia (e.g., neurodegenerative
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disorders, cardiovascular diseases, respiratory conditions, diabetes mellitus, and osteo-
porosis), in this disease, the homeostasis of muscle mass and strength is preserved by
balancing hormonal and nutritional factors with physical exercises [6]. Additionally, aging-
related systemic inflammation, characterized by increased proinflammatory cytokines
(e.g., IL-13, IL-6, and TNF«x) and reduced levels of anti-inflammatory cytokines, exac-
erbates muscle tissue microenvironment changes, impairing muscle regeneration. This
chronic low-grade proinflammatory state, known as inflammaging, disrupts immune regu-
lation and contributes significantly to the progression of sarcopenia [5,16]. Moreover, high
levels of 15-hydroxyprostaglandin dehydrogenase (15-PGDH), the enzyme responsible for
degrading prostaglandin E2 (PGE2), have been identified as a hallmark of aged skeletal
muscle tissue [4]. This age-related decline in muscle quality is exacerbated by factors such
as reduced protein intake, impaired anabolic pathways mediated by growth hormone
(GH)/insulin-like growth factor (IGF) and vitamin D, and chronic low-grade inflammation,
all of which contribute to disruptions in muscle bioenergetics, particularly mitochondrial
metabolism [6]. Mitochondrial dysfunction has been indicated as a central pillar of muscle
atrophy, with alterations in biogenesis, morphology, function, and dynamics playing key
roles in disrupted muscle function and quality [4,6].

Additionally, sarcopenia is intricately linked to the progressive decline in the regen-
erative capacity of skeletal muscle stem cells (satellite cells, or SCs) [4,7,17]. Changes in
the SC niche [18] and declines in intrinsic SC function [19] occurring with aging further
contribute to impaired muscle regeneration. The age-related alterations in the extracellular
matrix (ECM) of muscle tissue, characterized by increased stiffness due to the accumulation
of advanced glycation end products and collagen, negatively impact SC numbers and
function, exacerbating sarcopenia progression. Ultimately, these processes lead to chronic
fibrosis within the muscle, further impairing regeneration and exacerbating the progression
of sarcopenia [4,18-21].

An important role in satellite cells’ regenerative capacity is played by autophagy.
Specifically, autophagy maintains satellite cells in a quiescent state (through the inhibition
of cellular senescence and stemness), facilitates their activation in the majority of cases,
accelerates the proliferation of young satellite cells, regulates mitochondrial function,
mitigates basal inflammation, and promotes ROS detoxification. Thus, in the absence of
autophagy-regulated regenerative ability of satellite cells, sarcopenia and fibrosis can occur
and progress [22].

Additionally, sarcopenia has been associated with several underlying conditions, such
as reduced secretion of testosterone, growth hormone, and ghrelin, abnormal myokine
production, decreased muscle protein synthesis, and/or increased skeletal muscle protein
breakdown [13]. The pathophysiology of sarcopenia has also been linked to various interre-
lated mechanisms related to the preservation of motor neurons, motor unit remodeling,
impaired neuromuscular junction integrity, defects in excitation-contraction coupling, and
potential alterations in metabolism [23].

Other risk factors for developing sarcopenia include obesity, malnutrition, inactivity,
early growth environment, and comorbidities [23,24]. Conditions such as chronic kidney
disease (CKD) and the necessity for dialysis introduce a cascade of factors exacerbating
sarcopenia risk, including inflammation, undernutrition, and hypoalbuminemia, leading
to protein-energy wasting. In more detail, dialysis causes inflammation, which leads to
higher levels of acute-phase reactants such as albumin, fibrinogen, and C-reactive protein.
Undernutrition exacerbates this by depleting amino acids, losing them to dialysate, and
generating acute-phase proteins, which impedes muscle protein synthesis. Hypoalbumine-
mia exacerbates the condition, causing the body to catabolize muscle and tissue protein,
releasing amino acids to keep plasma levels stable. Muscles respond by releasing local
cytokines, which feed a vicious cycle of inflammation and catabolism. Chronic renal illness
and dialysis frequently result in secondary sarcopenia, which indicates protein-energy loss.
While protein and amino acid intake might address sarcopenia, excessive consumption
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may injure the kidneys, increasing disease progression through increased intraglomerular
pressure [14].

On the other hand, obesity has been associated with immune aging [16]. Moreover,
the condition of sarcopenic obesity implies reduced lean body mass and excess adipose
tissue, mostly encountered in older people. Obesity complicates sarcopenia, promoting
fat insertion into muscle, reducing endurance, and raising mortality risk [15]. Sarcopenia
and obesity have a complex interaction of pathophysiological mechanisms (e.g., insulin
resistance, hormonal changes, increased proinflammatory cytokines, and the presence
of oxidative stress), these diseases potentiating each other [25]. Additionally, as both
sarcopenia and obesity are linked to metabolic disorders, sarcopenic obesity may have a
more prominent influence on metabolic diseases and cardiovascular disease-associated
mortality than each condition alone [26,27]. Sarcopenic obesity has also been associated
with higher insulin resistance [28], increased risk of mobility disability [29], enhanced risk
of postoperative infections following cardiac surgery [30], and adverse clinical outcomes in
patients who have severe Crohn’s disease [31]. Moreover, sarcopenic obesity is common
in cancer patients and increases the risk of dose-limiting toxicity, surgical complications,
lower functional status, and shorter survival [32].

Furthermore, the presence of cancer compounds the risk and accelerates muscle aging
through mechanisms such as epigenetic changes, increased somatic mutation frequencies,
muscle stem cell dysfunction, and inflammation [10]. Disease-related sarcopenia can also be
caused by cachexia, a complex metabolic syndrome also found in cancer patients, that leads
to a negative protein—energy balance, anorexia, and metabolic abnormalities [13,33-35].
On top of that, sarcopenia is linked to poor survival in oncological patients. Sarcopenia in
gastric cancer patients has been linked to mortality, surgical complications, high hospital
expenses, and prolonged postoperative hospital stay. Patients with sarcopenia have lower
overall and cancer-specific survival rates in renal cell carcinoma and urogenital malignan-
cies than those without sarcopenia. Sarcopenia has also been reported to reduce overall
and recurrence-free survival rates in head and neck cancer patients [13,36,37].

Secondary sarcopenia may occur as a result of physical inactivity caused by prolonged
bed rest, weightlessness, and anorexia, situations often encountered in hospital-associated
deconditioning and disuse muscle atrophy. Disease occurrence is also favored in cases of
undernutrition when there is inappropriate protein consumption, and the energy intake
is significantly lower than the energy spent by the organism [13]. The consumption of
protein in one’s diet is crucial for preserving muscle mass in elderly individuals. This is
because amino acids, such as leucine, stimulate the mTORC1 pathway through the Rag
guanosine triphosphatase (Rag GTPase) mechanism. Malnutrition worsens the imbalance
between muscle protein synthesis (MPS) and muscle-protein breakdown (MPB), leading
to a higher risk of sarcopenia in individuals over the age of 65. This risk can be reduced
by consuming high amounts of protein and vitamin D. Regular exercise plays a crucial
role in activating the mTORC1 pathway, while being inactive increases the likelihood of
developing sarcopenia. Even a short period of inactivity, as little as 2 days, can significantly
decrease muscle volume. Additionally, increasing sedentary behavior by 1 h per day raises
the possibility of developing sarcopenia by 1.06 times [24].

Sarcopenia also exacerbates the physical functionality and prognosis of people suffer-
ing from various other health issues, including cardiovascular diseases, inflammatory bowel
disease, cirrhosis, hip fractures, and surgical repair of abdominal aortic aneurysms [13,38].
Besides physical problems, sarcopenia is connected to cognitive impairment and mental
decline, being also associated with depression [39—41].

With such a complex background (Figure 2), understanding the diverse risk factors
and emphasizing the importance of comprehensive preventive and control strategies are
important steps in managing sarcopenia.
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Figure 2. Overview of sarcopenia risk factors.

3. Conventional Treatment Approaches

While there is no treatment recognized as universally effective against sarcopenia,
several strategies are currently employed in practice, generally combining exercise therapy
and nutritional approaches. The choice between potential treatment options depends on
patients’ characteristics, such as age, disease severity, inflammation levels, and comorbidi-
ties [13,42—44]. Thus, a personalized plan has to be created for each patient.

Physical activity and nutritional status represent key regulators of muscle metabolism
and phenotype, reflecting their utility for accomplishing healthy aging [23]. Lifestyle
modifications are essential for ensuring better autonomy for older people. Specifically,
physical exercises, such as stretching exercises, coordination exercises, and resistance
training, have been demonstrated effective in improving muscle strength and function,
subsequently enhancing flexibility and balance [12,23,43,44].

Resistance exercise training is currently approached as a first-line treatment for
sarcopenia, being a superior form of physical activity for enhancing muscle mass and
strength [45,46]. Resistance exercise is considered a promising intervention, yet appropriate
prescription is necessary for maximizing desirable effects. In addition, there is limited
availability of relevant clinical trials, necessitating more in-depth studies for establishing
full evidence of resistance training utility in older adults diagnosed with sarcopenia [46,47].

On the other hand, endurance training excels in maintaining and improving maximum
aerobic power [45]. Such exercises stimulate ATP production in mitochondria within skele-
tal muscle, increase aerobic capacity, and improve metabolic regulation and cardiovascular
function. Moreover, aerobic exercise contributes to several processes, such as induction of
mitochondrial biogenesis and dynamics, mitochondrial metabolism restoration, reduction
in catabolic gene expressions, and enhancement of muscle protein synthesis [48].

Adding to physical activity, a balanced diet is another important aspect of maintaining
muscle mass and function. Compared to healthy subjects, sarcopenia patients were noted
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to consume lower amounts of certain macronutrients, such as lipids and proteins, and
micronutrients, like iron, phosphorus, magnesium, potassium, and vitamin K [42]. In the
elderly population, adequate protein intake is a challenging aspect, being dependent on
different variables, such as anorexia of aging, anabolic resistance, molecular content, and
intake patterns throughout the day [49]. Thus, for sarcopenia patients, protein supple-
mentation or a protein-rich diet can be recommended. In clinical practice, the intake of
high-quality protein, amino acids (e.g., leucine and L-carnitine), or oral nutritional sup-
plementation containing beta-hydroxy-beta-methylbutyrate is considered [50]. It was also
noted that sarcopenia could be alleviated through adequate nutritional amounts of omega
3, vitamin C, vitamin D, creatinine monohydrate, and antioxidants [51].

Despite the recognized efficacy of exercise programs and nutritional support, these
treatment approaches are sometimes unfeasible in sarcopenia patients, especially in frail
polymorbid elderly populations [52]. Alternatively, several pharmacological agents have
been proposed as therapeutic strategies, even though no drug has been approved for sar-
copenia treatment by the US Food and Drug Administration (FDA) or European Medicines
Agency (EMA) [42,43,53,54]. Among the pharmaceutical possibilities are included myo-
statin inhibitors, anabolic or androgenic steroids, growth hormones, angiotensin-converting
enzyme (ACE) inhibitors, troponin activators, appetite stimulants, activating II receptor
drugs, and (3-receptor blockers. Nonetheless, these treatments have variable efficacy and
are also associated with side effects. For instance, testosterone administration has been
linked with an increased risk of cardiovascular disease and worsened benign prostatic
hyperplasia, whereas treatment with growth hormones can lead to fluid retention and
orthostatic hypotension [42,54].

Even though few therapeutic strategies can be conventionally employed, experts
suggest that it is better to combine the possibilities into a multimodal approach [49].
Moreover, it is generally accepted that the best way to combat sarcopenia is by preventing
disease occurrence and development [4].

4. Emerging Treatment Approaches

As ongoing research reveals sarcopenia’s intricate molecular mechanisms and ther-
apeutic targets, it becomes clear that novel treatments must be urgently developed. In
particular, the lack of clinically-approved pharmaceuticals for this illness intensifies the
need for identifying/establishing new drug formulations and diversifying treatment ap-
proaches [22,54-56]. Taking into account the research directions recognized in recent
literature, the following subsections describe the potential of several emerging therapeutic
formulations, drug delivery systems, stem cell therapies, and tissue-engineered scaffolds.
Moreover, relevant clinical trials on sarcopenia are reviewed in the end.

4.1. New Therapeutic Formulations

Several promising therapeutic agents are currently being evaluated by various pre-
clinical studies. For example, exerkines like interleukin 6, TNF-«, interleukin 15, fibroblast
growth factor 21, irisin, apelin, and others are investigated for their potential to prevent the
loss of muscle mass/strength and improve physical performance. Following examination
of the outcomes of muscular contraction, particularly during and after exercise, it was
discovered that exerkines have autocrine, paracrine, and endocrine effects [52].

Increasing interest has also been invested in investigating growth-promoting agents as
solutions to sarcopenia. Myostatin inhibitors, testosterone, and selective androgen receptor
modulators (SARMSs) have been recognized for their ability to increase lean mass. However,
further research is needed to confirm if this translates to increased muscular strength and
physical performance in older persons with sarcopenia [23].

As people age, the circulation levels of many anabolic hormones decrease, which
may lead to muscle mass and function changes. As a result, hormone modulation has
been examined as the foundation of emerging sarcopenia therapeutic strategies, with
testosterone supplementation being the most commonly involved drug for enhancing
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muscle mass and increasing muscle-protein anabolism [12,53,57]. However, the findings of
testosterone replacement therapy studies in males vary depending on the participant’s age,
pre-treatment testosterone levels, and administration methods. These variables impede
the assessment of therapy’s impact on disability and physical performance. In addition,
potential side effects (e.g., peripheral edema, gynecomastia, polycythemia, and sleep
apnea) have to be considered in parallel with therapeutic advantages. Another important
disadvantage related to testosterone is that, in high amounts, this hormone may increase
the risk of prostate cancer, imposing careful planning and monitoring during testosterone
replacement therapy [53].

As a safer and more appealing approach to long-term testosterone treatment, SARMs
have more recently been investigated for combating muscle wasting. SARMs are non-
steroidal ligands that bind to androgen receptors (AR) with tissue-selective androgenic
signaling, offering anabolic effects on muscle similar to testosterone but with fewer side
effects. These new nonsteroidal compounds also present therapeutic potential for women,
being also linked to tissue-selective activity and improved pharmacokinetics [23,50,53]. Sig-
nificant promise for hormone modulation therapies may also come from dehydroepiandros-
terone (can enhance muscle mass and strength in both males and females), tibolone (can
influence muscle anabolism acting by binding androgen receptors in muscle fibers and
increasing serum-free testosterone, growth hormone, and insulin growth factor 1 (IGF-
1) levels), estrogen (can suppress inflammatory cytokines and improve muscle strength
in women), growth hormone (can lead to the proliferation of muscle satellite cells and
improve muscle function), and ghrelin (can increase the lean mass and physical perfor-
mance) [53]. Nonetheless, in spite of emerging evidence relating age-related hormonal
alterations to the development of sarcopenia, the clinical efficacy of hormone supplementa-
tion for the therapy of sarcopenia remains to be more deeply assessed and confirmed in
future studies [12].

Given their anabolic properties, branched-chain amino acids (BCAAs) may hold
promise for counteracting muscle atrophy in sarcopenia patients. Oral supplementation
with BCAAs (i.e., leucine, isoleucine, and valine) can stimulate protein synthesis via the
mTOR pathway while inhibiting protein breakdown by decreasing Atrogin-1 and MuRF-1
protein levels and altering the activity of Ub-proteasome. Thus, adequate protein levels
are maintained, leading to improved muscle health in sarcopenic conditions [58,59]. The
administration of leucine was particularly investigated, and it was revealed to be a well-
tolerated BCAA supplement. In elderly individuals, it leads to specific improvements in
sarcopenia criteria such as functional performance measured by walking time and enhanced
lean mass index [60]. However, such nutritional supplements should be used not only as a
single intervention but included in a more complex patient-specific therapeutic plan [59].

Exciting prospects for sarcopenia treatment may also arise from the administration of
exercise mimetics (also known as exercise pills), especially for patients dealing with difficul-
ties in physical activity. These mimetics imitate the benefits of exercise without involving
physical effort. When tested in adult mice, the combination of GW1516 (i.e., PPARB /5
agonist) and exercise training was noticed to boost oxidative myofibers and running en-
durance. Similarly, AICAR, an AMPK agonist, enhances running endurance in sedentary
mice. Activating PPARS and AMPK causes large transcriptional alterations in the metabolic
skeletal muscle genome, making them prospective therapeutic targets. Despite being in the
pre-clinical stage due to adverse effects, the development of exercise mimetics is critical for
patients who are unable to engage in physical activity, such as those on bedrest or suffering
from severe sarcopenia, and warrants further research in this field [12,61].

Despite the few new therapeutic possibilities, drug discovery and development are
costly and time-consuming, with a low success approval rate for emerging formulations
and the necessity for numerous testing stages before clinical implementation. Thus, as an
alternative, drug repurposing has been gathering more attention in recent years toward
maximizing the effects of pharmacotherapies for sarcopenia [23,55]. Drugs that are cur-
rently used for other diseases may be explored in sarcopenia based on their pro-anabolic or
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anti-inflammatory properties that translate to improvements in skeletal muscle mass and
function [23]. For instance, some drugs now utilized for the treatment of type 2 diabetes
mellitus may possess mechanisms of action that are applicable to the prevention and ther-
apy of sarcopenia, both in individuals with type 2 diabetes and those without diabetes [62].
One particularly appealing drug examined for sarcopenia prevention is metformin, which
may have the ability to delay aging and the incidence of age-related diseases, with its effects
on muscle and exact mechanisms of action still requiring further elucidation [12,63]. Up to
now, it has been established that metformin inhibits proinflammatory cytokine production
and intracellular pathways activated by inflammation, increases circulating levels of irisin,
and suppresses cellular senescence in multiple tissues (including skeletal muscle) [62].

Considering the close relationship between skeletal muscle function, glucose, and fat
metabolism in both healthy individuals and those with comorbidities, several other drugs,
such as BIO101, GLP-1 receptor agonists, DPP4 inhibitors, and SGLT2 inhibitors, stand out
as promising options to be evaluated in sarcopenia clinical studies [23,57,62].

Besides the promise of synthetic drugs, increased attention has also been drawn to
natural alternatives. Given that sarcopenia is an age-related illness, several natural com-
pounds with anti-aging properties have been considered [12]. In this respect, the potential
of ursolic acid and tomatidine has been explored for sarcopenia treatment, remarking
that these natural compounds produce numerous small positive and negative changes in
mRNA levels in aged skeletal muscle, with remarkably similar mRNA expression signa-
tures, repressing a subset of the mRNAs linked to the regulation of oxidative and other
stress responses [12,64]. Ursolic acid has also been rendered effective for improving muscle
tissue when combined with resistance and endurance exercise. However, the effects of its
intake have some limitations in human tests [50]. For instance, according to the study of
Cho and colleagues [65], ursolic acid supplementation in healthy adults did not have a
significant impact on muscle mass and strength. In addition, Bang et al. [66] concluded
that the combination of strength training and 8 weeks of ursolic acid supplementation
enhanced muscle strength but not lean body mass compared with strength training alone.
Consequently, further research is needed to fully elucidate ursolic acid supplementation
outcomes in humans affected by sarcopenia [50].

Another useful compound is urolithin A, which was reported to be efficient for in-
creasing muscle function and enhancing exercise capacity in rodents, thus showing promise
for future application in improving mitochondrial and muscle function in more advanced
settings [67]. More recently, urolithin A administration was also investigated in a placebo-
controlled trial in middle-aged adults, showing improvements in muscle strength and
performance [68]. In addition, a study performed on patients between 65 and 90 years
of age revealed that urolithin A supplementation is beneficial for muscle endurance and
mitochondrial health [69].

Curcumin is another natural compound with advantageous properties for sarcopenia
management [70,71]. Curcumin could benefit muscle health by preserving satellite cell
number and function, maintaining the mitochondrial function of muscle cells, suppressing
inflammation, and reducing oxidative stress. Through various mechanisms, curcumin con-
tributes to maintaining muscle mass and performance, with numerous studies demonstrat-
ing its beneficial properties [72,73]. Combined with a reduction in food intake, curcumin
improved skeletal muscle health in aged skeletal muscle [74], while in HFD-fed animals,
short-term curcumin therapy considerably reduced reactive oxygen species (ROS) levels
in muscles [75]. Curcumin was also reported to prevent muscle damage by regulating
the NF-kB and Nrf2 pathways [76], hinder muscular atrophy by altering genes associated
with it and boosting antioxidant capacity [77], protect oxidative stress-induced C2C12 my-
oblasts [78], and diminish CKD-related mitochondrial oxidative damage and dysfunction
through preventing GSK-3 activity in skeletal muscle [79]. Despite the great potential of
curcumin for sarcopenia treatment, in-depth research is required to establish details related
to the delivery route, exact dosage, and safety in humans [72].
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Several studies have indicated the potential of vitamin D supplementation in dealing
with sarcopenia symptoms. Specifically, vitamin D has reportedly suppressed muscle
atrophy and enhanced muscle strength. However, these beneficial effects on muscle tissue
are controversial, given that this vitamin’s underlying mechanisms of action are still not
fully elucidated. Hence, additional studies are required to confirm the directed correlation
between vitamin D supplementation and improved health status in sarcopenia patients [80].

The effects of sarcopenia can also be alleviated by green tea catechins. These com-
pounds were noted to act on skeletal muscle cells, potentially inhibiting muscle mass
loss [50]. Additionally, Mafi et al. [81] have demonstrated that the combination of resistance
training and epicatechin supplementation has a significant positive influence in improving
muscle growth factors and preventing sarcopenia progression.

For clarity, Figure 3 offers an at-glance perspective on the above-discussed therapeutic
strategies for improving sarcopenia management.
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Figure 3. Overview of emerging therapeutic agents for sarcopenia treatment.

4.2. Drug Delivery Systems

As age-related muscle loss has no local lesions, therapeutic agents are delivered
systemically, risking the exposure of healthy organs (e.g., liver, kidneys) to unwanted side
effects. In this context, research is imposed to develop drug delivery systems that can
ensure targeted cargo release within muscle tissues. Only a few studies have reported on
fabricating delivery systems endowed with targeted motifs for skeletal muscles [16].
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One example of a delivery system with muscle-targeting function has been cre-
ated by Jativa et al. [82]. Specifically, the researchers have developed a generation 5-
polyamidoamine dendrimer (G5-PAMAM) functionalized with a skeletal muscle-targeted
peptide, ASSLNIA (G5-SMTP) and complexed with a plasmid encoding firefly luciferase.
Thus, the authors successfully combined two nanocarrier components, synergistically en-
abling targeted skeletal muscle cell recognition and improving intracellular gene delivery
within skeletal muscle cells. Differently, Gao et al. [83] have demonstrated the muscle-
targeting potential of a peptide: CP05. In this regard, the research group has constructed
CPO05-loaded dystrophin splice—correcting phosphorodiamidate morpholino oligomer (EX-
OPMO). This delivery system showed enhanced muscle dystrophin expression, improved
muscle function, and no detectable toxicity levels.

Interesting alternatives have been envisaged, such as employing nanoparticles for
muscle regeneration. For instance, Poussard et al. [84] have investigated the cellular
uptake of fluorescently labeled silica nanoparticles by the C2C12 muscle cell line. The
authors reported that the design nanoconstructs were uptaken via an energy-dependent
process involving macropinocytosis and clathrin-mediated pathway and further clustered
in lysosomal structures. Nanoparticle internalization induced an increase in apoptotic
myoblasts, enhanced cell fusion, and stimulated the formation of myotubes in a dose-
dependent manner.

Research interest was also noted in developing better delivery options for myostatin
inhibitors. Ran et al. [85] have anchored myostatin propeptide to the surface of exosomes,
fusing it into the second extracellular loop of CD63 (EXOpro). Through repeated admin-
istration in mdx mice, EXOpro managed to accelerate muscle regeneration and growth,
subsequently enhancing muscle mass and performance. Thus, the designed delivery
system is a good candidate for increasing myostatin propeptide’s serum stability and
inhibitory efficacy.

Alternatively, Michiue et al. [86] have proposed the delivery of myostatin inhibitory-
D-peptide-35 (MID-35) by iontophoresis. This non-invasive transdermal drug delivery
strategy uses weak electricity to transport MID-35 from the skin surface to skeletal muscle.
Concerning the outcomes, it was observed that skeletal muscle mass increased 1.25 times,
the percentage of new and mature muscle fibers tended to enhance, and there were induced
alterations in the levels of mRNA of genes downstream of myostatin. Therefore, this
delivery possibility represents a valuable therapeutic approach for managing sarcopenia.

Transdermal drug delivery has also been approached for testosterone delivery, yet
only modest results have been reported. Specifically, Kenny et al. [87] have investigated
transdermal testosterone gel supplementation in a randomized trial. The gel treatment
resulted in increased testosterone levels, a positive impact on axial bone mineral density,
reduced fat mass, improved lean mass, and no changes in muscle strength or physical
performance. Thus, to further improve the effects of testosterone in sarcopenia patients, it
is important to find better delivery alternatives. According to the metanalysis elaborated
by Skinner et al. [88], intramuscular testosterone replacement therapy offers a 3-5 times
increase in muscle mass and strength than transdermally administered testosterone. One
more emerging delivery possibility is using microneedle patches loaded with micron-
sized needle arrays for non-invasively injecting therapeutic agents to treat musculoskeletal
disorders [89]. Nonetheless, further studies dedicated to sarcopenia need to be performed
for clarifying the exact outcomes of microneedle patch administration in this disease.

Given the involvement of mitochondria in the pathophysiology of sarcopenia, innova-
tive solutions against this disease can be focused on developing mitochondria-targeting
drug delivery systems. The optimal technique for targeting mitochondria is to use 1-1000 nm
particles that can directly activate myotubes or inflammatory cells. Two types of targeting
can be differentiated: passive and active (Figure 4). Passive targeting depends on the deliv-
ery systems’ physical and chemical features, whereas active targeting is related to particular
interactions (e.g., ligand-receptor or antigen-antibody) at mitochondrial locations [6].
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Figure 4. Passive (above the dotted line) and active (below the dotted line) mitochondria delivery
strategies. Reprinted from an open-access source [6].

Compounds can enter mitochondria both actively and passively, acting as scavengers
or substitute molecules. However, several of these compounds must be evaluated in vivo
for the therapy of sarcopenia. Pre-clinical studies significantly support their potential
usefulness in maintaining mitochondrial quality and function, counterbalancing oxidative
stress, and reducing mitochondrial death. Creating compounds/delivery vehicles targeting
skeletal muscle mitochondria could overcome numerous problems associated with current
therapeutics, boosting efficacy while minimizing toxicity [6].

For instance, Pin et al. [90] have recently investigated the possible anti-cachectic
benefits of Mitoquinone Q (MitoQ), one of the most commonly utilized mitochondria-
targeting antioxidants. The researchers reported that MitoQ administration is an effective
method of improving skeletal muscle mass and function in tumor hosts as this formulation
could enhance (3-oxidation in the muscle tissue, promote a shift in muscle metabolism and
fiber composition from glycolytic to oxidative, and decrease myosteatosis.

Differently, Campbell et al. [91] performed in vivo tests on the activity of SS-31
(elamipretide), reporting its advantageous effects. In more detail, treatment with 55-31
improved mitochondrial quality, reversing age-related decline in maximum mitochondrial
ATP production and enhancing exercise tolerance without an increase in mitochondrial
content. Moreover, SS-31 treatment could restore redox homeostasis in the aged skeletal
muscle of mice.

In addition to the above-discussed studies, the advancements made in developing mi-
tochondprial drug delivery systems for other diseases [92] (e.g., cancer [93-96], Alzheimer’s
disease [97-99], diabetes mellitus [100,101], ischemia-reperfusion injury [102-104]) hold
promise for creating nanocarriers of use for sarcopenia treatment as well.

Important advancements noted in exosome-based delivery systems may also aid
in developing performant therapeutic formulations for sarcopenia [105], especially as
exosomes derived from human skeletal myoblasts or whey protein can improve muscle
regeneration [106] and muscle protein synthesis [107]. Furthermore, exosomes have been
researched in relation to different diseases, leading to promising results in the treatment of
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type 2 diabetes [108], gastric cancer [109], sepsis-induced kidney injury [110], myocardial
infarction [111], hindlimb ischemia [112], temporomandibular joint osteoarthritis [113],
and Parkinson’s disease [114]. Given this advanced scientific context, innovative research
strategies in sarcopenia may soon be based on engineered exosomes loaded with specific
DNA, RNA, proteins, or drugs to be delivered to targeted muscle cells [105].

4.3. Stem Cell Therapies

Even though sarcopenia pathogenesis has not been fully elucidated, there is no doubt
that muscle stem cells play an important role [4]. As a result, there is a growing interest
in investigating the potential of both muscle-derived and non-muscle-derived cells for
skeletal muscle reconstruction, with stem cells emerging as the leading options for repair,
especially as mature myocytes have a non-dividing nature [4,115,116].

Several cell types have attracted interest in managing sarcopenia. Myogenic cells,
including satellite cells, can be employed to augment the host tissue and produce stable
progeny. Pericytes and intervascular cells can develop into muscle fibers and function
using paracrine processes. Bone marrow mesenchymal stem cells are the most extensively
employed and promising type of non-myogenic cell in regenerative medicine. Mesenchy-
mal stem cells (MSCs) obtained from various sources (e.g., bone marrow, fatty tissue,
and the umbilical cord) can enhance stem cell proliferation, angiogenesis, motility, and
differentiation via paracrine signals and /or immunomodulation [115,117].

MSCs have been shown in many studies to improve sarcopenia and have been im-
planted in frail people. MSCs are recognized as valuable therapeutic candidates due to their
facile culturing in the laboratory, multipotent differentiating nature, immunomodulatory
properties, and ability to secrete various soluble factors. These cells were noted to reduce
inflammation and restore cellular function, improving physical performance related to
skeletal muscle health. Moreover, MSCs can enhance weak patients’” prognosis by lowering
TNF-o levels and inflammation, making them a reliable treatment choice [42,115].

Induced pluripotent stem cells (iPSCs) are also relevant for sarcopenia treatment, as
somatic cell reprogramming can be differentiated towards an extensive range of cell types,
including skeletal muscle cells [1,118]. iPSCs can be differentiated into myogenic precursors
in two ways. The first method uses integrative vectors like lentivirus to overexpress
myogenic transcription factors like MyoD and Pax7 in iPSCs. This method is effective;
however, vector integration can cause genotoxicity. The other option is to augment iPSCs
with myogenic induction factors to simulate embryonic development. Although less
efficient, this method is safer and allows differentiated cells to be used therapeutically [1].

Additionally, interesting possibilities are envisaged by studies indicating that trans-
ferring mitochondria from stem cells to damaged cells can enhance energy metabolism,
preserve mitochondrial function, and enhance overall quality of life. Mitochondrial DNA
(mtDNA) mutations contribute to declining mitochondrial function and the onset of
sarcopenia-related muscle atrophy. MSCs possess the notable ability to transfer their
mitochondria to neighboring cells, aiding in the management of injury and apoptotic
stress. This mitochondrial transfer has shown promise in addressing mitochondrial en-
cephalomyopathy in vitro and has opened new avenues for treating sarcopenia linked
to mtDNA issues. Since skeletal muscle mitochondrial dysfunction is a key factor in sar-
copenia, stem cell transplantation offers a hopeful strategy by providing enhanced cell
proliferation, resistance to oxidative stress, apoptosis prevention, and stimulation of mi-
tochondrial biogenesis. Consequently, stem cell-derived mitochondrial transplantation
presents a significant potential for sarcopenia treatment, potentially revolutionizing clinical
cell therapy practices [115].

On a different note, an innovative study by Wang et al. [119] has revealed the potential
of clinical-grade human umbilical cord-derived mesenchymal stem cells (hUC-MSCs)
in two models of age-related sarcopenia mice. hUC-MSC transplantation was noted to
restore skeletal muscle strength and performance through the cells’ roles in enhancing the
expression of extracellular matrix proteins, activating satellite cells, enhancing autophagy,
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and impeding cellular aging. Therefore, great promise emerges from the use of hUC-MSC-
based therapies in treating age-associated muscle diseases.

Despite the many benefits of various stem cell therapies in treating sarcopenia, one
main drawback needs to be overcome: transplanting cells alone at the site of injury has
limited action, as many cells are known to be lost within a short period of time following
transplantation. To address this constraint, tissue engineering has emerged as a promising
method that opens up new therapeutic options [1].

4.4. Tissue-Engineered Scaffolds

Skeletal muscle tissues have a limited inherent regenerative capacity, requiring exter-
nal aid when damaged. Tissue engineering emerges as a viable strategy for reconstructing
such tissue due to its ability to cultivate cells on a fabricated scaffold (i.e., three-dimensional
solid biomaterials) resembling the native extracellular matrix (ECM), thereby facilitating
the formation of skeletal muscle tissue. Developing an optimal scaffold is crucial for pro-
ducing engineered muscle tissue that closely mirrors its natural counterpart and performs
analogous functions [1]. In this respect, a series of features have to be considered when
designing tissue-engineered scaffolds, as depicted in Figure 5.

Offer a solid frameworkfor cell
attachment, proliferation,
migration, and differentiation
into myotubes

Support appropriate cellular
Architecture activity withoutimparting

cytotoxicity and without
inducing inflammationin the
hostmuscle

Provide mechanicalintegrity
and stability to the engineered
tissue, offering similar
mechanical propertiesto

native muscles Mechani_cal Biocompatibility
properties

Scaffold
features

Act as a temporary matrix for
the deposition of neo-
generated ECM, then gradually
biodegrade at a similar rate
with tissue regeneration

Facilitate interactions with
cellular components and cell
adhesiondepending on surface
characteristics

Bioactivity

Biodegradability

Figure 5. Overview of the main features to be considered when designing a scaffold. Created based
on information from [1].

One of the essential properties of a scaffold for skeletal muscle tissue engineering
(SMTE) is to mimic the structure and morphology of the native tissue. In this regard, the
microenvironment plays an important role in the maturation, alignment, orientation, and
definition of skeletal muscle tissue. Therefore, when building the scaffold, the guidance of
cellular orientation should be considered to efficiently organize muscle cells and obtain a
functional construct [1]. Several technologies can be employed to mimic myotube align-
ment, including the fabrication of parallel linear microchannels [120] and the micro- [121]
or nano-patterning of the substrate [122].

Regarding SMTE materials, four classes can be distinguished: natural polymers, syn-
thetic polymers, decellularized scaffolds, and hybrid materials [1]. Natural biomaterials
benefit from desirable biocompatibility and biodegradability, making them attractive for
developing skeletal muscle tissues in vitro. Moreover, they exhibit adjustable mechani-
cal and morphostructural features, allowing functionalization with moieties of interest
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(e.g., growth factors, cell adhesion motifs). Among the most employed SMTE materials of
natural origin are fibrin, alginate, chitosan, collagen, gelatin, silk fibroin, hyaluronic acid,
Matrigel®, and decellularized tissue [4,123]. Biomaterials of synthetic origin can also be
involved in SMTE. Synthetic polymers, such as polyglycolic acid (PGA), polyethylene gly-
col (PEG), poly(caprolactone) (PCL), poly(lactic-co-glycolic acid) (PLGA), and poly-L-lactic
acid (PLLA), are versatile in use. They can degrade in variable periods (ranging from weeks
to years according to the formulation and cross-linking degree), have tunable properties,
and are often more cost-effective than natural biomaterials [123].

Besides the potential of biomaterials alone, they can be used in association with cells to
generate functional, self-repairing, engineered skeletal muscle. The cell-seeded constructed
tissue would benefit from improved vascularization, enhanced innervation, and native
muscle-like morphology. Another interesting approach is to combine in situ methods for
recruiting host cells and cell delivery methods that activate carried cells. One such method
entails the creation of a material capable of attracting satellite cells, activating and inducing
their proliferation, and subsequently releasing them into the damaged tissue [124]. An
alternative strategy is in vivo SMTE, which entails the introduction of myogenic potential
cells into the site of injury via bolus injections or in conjunction with a scaffold biomaterial.
Nevertheless, this approach is constrained by the enormous quantity of cells required [123].

On the contrary, the cell-free methodology known as in situ SMTE has been proposed.
In this technique, instructive biomaterials are surgically grafted into a muscle defect to
stimulate the patient’s endogenous regenerative capacity and promote tissue regeneration
through the secretion of bioactive signaling molecules from the implanted biomaterial. Ex
vivo SMTE serves as an alternative methodology to in vivo approaches, wherein autologous
cells are initially propagated in cell culture and subsequently reintroduced into the defect
site for regeneration [123].

Even though these strategies may not specifically target sarcopenia treatment, they
provide valuable possibilities that could be adapted for this purpose in the future. As
research in tissue engineering and regenerative medicine continues to advance, it is likely
that more targeted approaches for managing sarcopenia will emerge.

Moreover, tissue-engineered scaffolds hold great promise as platforms for drug test-
ing. For instance, Rajabian et al. [125] fabricated an in vitro 3D bioengineered senescent
adult skeletal muscle (SkM) tissue using primary human myoblasts. The in-lab-created
tissue displayed appropriate features for atrophied muscles (e.g., expression of senescent
genes, low number of satellite cells, decreased number and size of myofibers, compromised
metabolism, altered calcium flux). Compared to young tissue, senescent SkM tissue ex-
hibited a diminished capacity to generate force in response to electrical stimulation and a
lack of regeneration capacity in response to injury, which may be attributed to persistent
apoptosis and an inability to initiate a proliferation program. Based on these findings, the
authors concluded that the designed 3D construct could serve as a platform for drug testing
and identifying therapeutic compounds that enhance the function of sarcopenic muscle
and a potent model for researching aging [125].

4.5. Clinical Trials

Better-performing therapeutic approaches can also be expected to be provided after
completing and interpreting the results of undergoing clinical studies in the field. A total of
891 clinical trials are registered on the ClinicalTrials.gov platform from a search of “sarcope-
nia”, which are classified as depicted in Figure 6. Restricting the search with “completed”,
“interventional”, and “with results” filters led to the list shortening to 29 studies. The re-
trieved results were further selected manually based on their relevance, and the remaining
24 clinical trials are summarized in Table 1.
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Figure 6. The structure of clinical studies available on ClinicalTrials.gov as of February 2024.

Table 1. Summary of completed interventional studies with results.

ClinicalTrials.gov Official Title Intervention Phase (Estlmat?d) Enrollment Ref.
ID Completion
Comparative Effects of
Integ.ratec! Physmal‘ Tral‘mng Other: Physical training
With High Protein Diet and high protein diet 30 November
NCT05224453  Versus Low Protein Diet in g p! e N/A 76 [126]
. Other: Physical training 2021
COVID-19 Asymptomatic and low protein diet
Older Adults With P
Sarcopenia Symptoms.
Virtual Reality-based
Rehabilitation in the
Treatment and Prevention of Other: Virtual
NCT03809104 Sarcopenia of Older reality-based N/A 8 October 2019 43 [127]
Residents in Caring rehabilitation programs
Facilities—a Pilot Study in
Rural Southern Taiwan
Effects of a Resistance lél"i}a?rrifrilr:l tIe{reslei:?ircl)f
NCT02628145 Training Program in Older & . N/A July 2016 25 [128]
. . Behavioral: Active
Women With Sarcopenia
Control Group
A 28 Week, Randomized,
Double-blind,
Placebo-controlled,
Two-part, Multi-center,
Parallel Group Dose Range
NCT02333331 Finding Study to Assess the Drug: bimagrumab 2 28 June 2018 217 [129]

Effect of Monthly Doses of
Bimagrumab 70, 210, and
700 mg on Skeletal Muscle
Strength and Function in
Older Adults With
Sarcopenia (InvestiGAIT)

Other: placebo
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Drug: Placebo
Older Adults
Dietary Supplement:
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Omega-3 Fatty Acid Dietary Supplement:
Supplementation and Omega-3
NCT02617511 Resistance Training on Supplementation N/A November 2016 24 [139]
Inflammation and Body Dietary
Composition in Older Men Supplement: Placebo
Acetaminophen and
NCT01083901 Impaired Musiculoskeletal .Behav1ora.l: . N/A March 2011 34 [140]
Adaptations to Resistance training
Exercise Training
Biological: TDAP
Other: Acute
Resistance Exercise
Other: Resistance
Immune Function and Exercise Training
Muscle Adaptations to Other: Post-training 30 September
NCT02261961 Resistance Exercise in Follow-up N/A 2019 > [141]
Older Adults Dietary Supplement:
Nutritional Supplement
(Muscle Armor)
Dietary Supplement:
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Controlled Trial of Dietary Supplement:
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A Physical Activity Program Other: Nutritional
in End-stage Liver Disease: consultation
NCT02776553 Pilot Study A:.ssesm.ng Beha'w'oral: Physical N/A June 2020 20 [148]
Changes in Physical Fitness, training program
Sarcopenia, and the Behavioral: Behavioral
Metabolic Profile modification therapy
A Randomised
Longitudinal Study of
Exercise Prescription for Behavioral:
NCT01874132 Older Adults: Mode and chavioral N/A September 2014 66 [149]

Intensity to Induce the
Highest Cardiovascular
Health-related Benefits

Exercise training

A few of the tabulated studies have also been detailed in several publications re-
trieved from PubMed. For instance, the NCT02333331 study [129] has been described
by Rooks et al. [43], revealing bimagrumab’s effects on older adults with sarcopenia. The
clinical trial showed no significant difference between bimagrumab and placebo groups
in improving physical function. Nonetheless, the tested drug has reportedly increased
lean body mass and decreased fat body mass, indicating its potential benefits in managing
sarcopenia in association with proper diet and exercise.

As detailed by Lee and colleagues [150], the NCT01989793 clinical study [133] explored
losartan’s impact on prefrail older adults. An improvement was noted in molecular and
clinical frailty measures with losartan treatment. The study also suggested the potential
role of losartan’s non-angiotensin PPARy pathway in mitigating frailty.

Park et al. [151] analyzed the results of NCT03502941 [134], comparing the anabolic
activity of a balanced essential amino acid (EAA) formulation combined with whey protein
against a whey protein-based supplement. The combinatorial approach was noted to be
highly anabolic, with a dose-dependent response.

As described by Dennis et al. [152], the NCT02261961 study investigated the rela-
tionship between immune function, nutritional supplementation, and exercise training
outcomes in older adults. The clinical trial revealed the potential benefits of the supplement
(containing arginine, glutamine, and HMB) in supporting immune function and muscle
growth during resistance training, which are important factors for maintaining /improving
muscle mass, strength, and function during aging.

Based on the results obtained throughout the NCT03579693 clinical trial [142],
Ahmadi et al. [153] published an article reflecting on the impact of coenzyme Q10 (CoQ10)
and nicotinamide riboside (NR) on exercise tolerance and metabolic profile in CKD patients.
It was revealed that this treatment strategy improves systemic mitochondrial metabolism
and lipid profiles, but exercise VO, peak or total work efficiency remained unaffected.

Lewis et al. [154] and Lyons et al. [155] reported on the findings of clinical trial
NCT01869348 [144], which aimed to describe social support patterns of middle-aged and
older adults using a mobile app for a behavioral physical activity intervention. The inter-
vention was feasible and acceptable, and participants were willing to use the app’s social
network feature to communicate with peers anonymously, most of them actively contribut-
ing to the app’s social support network. The effects of the intervention combining wearable
physical activity monitors, tablet devices, and telephone counseling were comparable to
other wearable activity monitors, indicating potential effectiveness in increasing physical
activity and reducing sedentary behavior.

The results of study NCT01874132 [149] have been described by Sousa et al. in
two articles [156,157]. Study participants underwent either aerobic training, mixed aerobic
and resistance training, or served as controls. Both training programs significantly reduced
clinically high triglycerides and total cholesterol, while combined aerobic and resistance
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training was more effective in chronically modifying lipid profiles. Moreover, adding
resistance exercise to aerobic exercise improved factors associated with fall risk.

Several articles have also been published about a few other tabulated clinical trials, yet
they did not explore the results concerning sarcopenia. Harris and Dawson-Hughes [158]
elaborated on NCT00357214 findings [138], but only discussed the results on insulin sensi-
tivity or glucose control in non-diabetic older adults. In a different approach, Dias et al. [159]
discussed trial NCT00104572 [143], focusing on the effects of transdermal testosterone gel
or an aromatase inhibitor on prostate volume in older men with no direct correlation
with sarcopenia.

Moreover, despite the existence of numerous studies, the enrollment only varies
between 11 and 217. Thus, upcoming extensive clinical trials are vital for crafting precision
medicine that aligns with the unique characteristics of individual patients, given the
variations in causes and clinical presentations among patients [12].

5. Conclusions

To summarize, sarcopenia represents a burdening degenerative muscular disease
affecting significant numbers of elderly patients. Currently, sarcopenia is mainly managed
through nutritional interventions, physical therapy, and lifestyle modification, with no drug
yet approved for this disease. As the pathogenesis of sarcopenia is still poorly understood
and there is no treatment recognized as universally effective, it is no surprise that research
is being undertaken to establish underlying mechanisms of sarcopenia and develop better-
performing therapeutic formulations. The main identified research directions for preventing
and combating sarcopenia include the administration of various drugs of either synthetic or
natural origin, utilization of different delivery methods for enhancing therapeutic activity,
employment of stem cells for restoring regenerative potential in damaged tissue, and
engineering tissue scaffolds (as a treatment strategy or as platforms for drug testing).
However, most of these options have only reached pre-clinical testing, necessitating more
rigorous testing before becoming a useful clinical tool.

Adding to the future research studies needed to explore cellular and molecular mecha-
nisms behind sarcopenia, investigations should also focus on improving diagnostic meth-
ods. Most patients with sarcopenia are not diagnosed in a timely manner, living with the
condition without taking measures against it. Thus, it would be beneficial to focus on
identifying biomarkers to aid in early detection of sarcopenia. Moreover, future analyses
should also cover investigations related to predicting sarcopenia treatment responses and
elaborating personalized and targeted treatment strategies.

To conclude, recent progress has been made in developing advanced treatment meth-
ods for sarcopenia, with much promise coming from emerging formulations and ongoing
clinical studies. Nonetheless, there is still room for improvement, and supplementary
interdisciplinary research is required to reach future breakthroughs.

Author Contributions: All authors have participated in reviewing, writing, and revision. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Int. J. Mol. Sci. 2024, 25, 4300 20 of 26

References

1.  del Carmen Ortufio-Costela, M.; Garcia-Lopez, M.; Cerrada, V.; Gallardo, M.E. iPSCs: A powerful tool for skeletal muscle tissue
engineering. J. Cell. Mol. Med. 2019, 23, 3784-3794. [CrossRef] [PubMed]

2. Terry, E.E.; Zhang, X.; Hoffmann, C.; Hughes, L.D.; Lewis, S.A,; Li, J.; Wallace, M.J.; Riley, L.A.; Douglas, C.M,;
Gutierrez-Monreal, M.A; et al. Transcriptional profiling reveals extraordinary diversity among skeletal muscle tissues.
eLife 2018, 7, e34613. [CrossRef] [PubMed]

3. Frontera, WR.; Ochala, J. Skeletal muscle: A brief review of structure and function. Calcif. Tissue Int. 2015, 96, 183-195. [CrossRef]
[PubMed]

4. Cai, Z,; Liu, D.; Yang, Y.; Xie, W.; He, M; Yu, D.; Wu, Y.; Wang, X.; Xiao, W.; Li, Y. The role and therapeutic potential of stem cells
in skeletal muscle in sarcopenia. Stemn Cell Res. Ther. 2022, 13, 28. [CrossRef] [PubMed]

5. Kalinkovich, A.; Becker, M; Livshits, G. New Horizons in the Treatment of Age-Associated Obesity, Sarcopenia and Osteoporosis.
Drugs Aging 2022, 39, 673—-683. [CrossRef] [PubMed]

6.  Bellanti, F.; Lo Buglio, A.; Vendemiale, G. Muscle Delivery of Mitochondria-Targeted Drugs for the Treatment of Sarcopenia:
Rationale and Perspectives. Pharmaceutics 2022, 14, 2588. [CrossRef] [PubMed]

7. Sousa-Victor, P; Muiioz-Canoves, P. Regenerative decline of stem cells in sarcopenia. Mol. Asp. Med. 2016, 50, 109-117. [CrossRef]
[PubMed]

8. Yuan, S.; Larsson, S.C. Epidemiology of sarcopenia: Prevalence, risk factors, and consequences. Metabolism 2023, 144, 155533.
[CrossRef] [PubMed]

9.  Zhang, X,; Huang, P; Dou, Q.; Wang, C.; Zhang, W.; Yang, Y.; Wang, ].; Xie, X.; Zhou, J.; Zeng, Y. Falls among older adults with
sarcopenia dwelling in nursing home or community: A meta-analysis. Clin. Nutr. 2020, 39, 33-39. [CrossRef]

10. Zhang, F-M.; Wu, H.-F; Shi, H.-P;; Yu, Z.; Zhuang, C.-L. Sarcopenia and malignancies: Epidemiology, clinical classification and
implications. Ageing Res. Rev. 2023, 91, 102057. [CrossRef]

11. Feike, Y.; Zhijie, L.; Wei, C. Advances in research on pharmacotherapy of sarcopenia. Aging Med. 2021, 4, 221-233. [CrossRef]
[PubMed]

12.  Kwak, J.Y.; Kwon, K.S. Pharmacological Interventions for Treatment of Sarcopenia: Current Status of Drug Development for
Sarcopenia. Ann. Geriatr. Med. Res. 2019, 23, 98-104. [CrossRef] [PubMed]

13. Kakehi, S.; Wakabayashi, H.; Inuma, H.; Inose, T.; Shioya, M.; Aoyama, Y.; Hara, T.; Uchimura, K.; Tomita, K.; Okamoto, M.
Rehabilitation nutrition and exercise therapy for sarcopenia. World . Men’s Health 2022, 40, 1-10. [CrossRef] [PubMed]

14. Ebner, N.; Anker, S.D.; von Haehling, S. Recent developments in the field of cachexia, sarcopenia, and muscle wasting: Highlights
from the 12th Cachexia Conference. J. Cachexia Sarcopenia Muscle 2020, 11, 274-285. [CrossRef] [PubMed]

15. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, ].; Boirie, Y.; Bruyére, 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]

16. Li, Y.; Chen, M.; Zhao, Y,; Li, M.; Qin, Y.; Cheng, S.; Yang, Y.; Yin, P.; Zhang, L.; Tang, P. Advance in Drug Delivery for Ageing
Skeletal Muscle. Front. Pharmacol. 2020, 11, 1016. [CrossRef] [PubMed]

17.  Han, WM,; Jang, Y.C.; Garcia, A.J. Engineered matrices for skeletal muscle satellite cell engraftment and function. Matrix Biol.
2017, 60, 96-109. [CrossRef] [PubMed]

18. Fry, C.S; Lee, ].D.; Mula, J.; Kirby, T].; Jackson, J.R.; Liu, E; Yang, L.; Mendias, C.L.; Dupont-Versteegden, E.E.; McCarthy, ].J.; et al.
Inducible depletion of satellite cells in adult, sedentary mice impairs muscle regenerative capacity without affecting sarcopenia.
Nat. Med. 2015, 21, 76-80. [CrossRef]

19. Blau, HM,; Cosgrove, B.D.; Ho, A.T.V. The central role of muscle stem cells in regenerative failure with aging. Nat. Med. 2015, 21,
854-862. [CrossRef] [PubMed]

20. Lacraz, G.; Rouleau, A.-].; Couture, V.; Sollrald, T.; Drouin, G.; Veillette, N.; Grandbois, M.; Grenier, G. Increased stiffness in aged
skeletal muscle impairs muscle progenitor cell proliferative activity. PLoS ONE 2015, 10, e0136217. [CrossRef]

21. Lemos, D.R,; Babaeijandaghi, F.; Low, M.; Chang, C.-K; Lee, S.T.; Fiore, D.; Zhang, R.-H.; Natarajan, A.; Nedospasov, S.A.; Rossi,
F.M.V. Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic
progenitors. Nat. Med. 2015, 21, 786-794. [CrossRef] [PubMed]

22. Xie, G, Jin, H.; Mikhail, H.; Pavel, V;; Yang, G.; Ji, B.; Lu, B.; Li, Y. Autophagy in sarcopenia: Possible mechanisms and novel
therapies. Biomed. Pharmacother. 2023, 165, 115147. [CrossRef] [PubMed]

23. Hardee, ].P; Lynch, G.S. Current pharmacotherapies for sarcopenia. Expert Opin. Pharmacother. 2019, 20, 1645-1657. [CrossRef]
[PubMed]

24.  Liu, Q.-Q.; Xie, W.-Q.; Luo, Y.-X,; Li, Y.-D.; Huang, W.-H.; Wu, Y.-X,; Li, Y.-S. High Intensity Interval Training: A Potential Method
for Treating Sarcopenia. Clin. Interv. Aging 2023, 17, 857-872. [CrossRef] [PubMed]

25.  Choi, K.M. Sarcopenia and sarcopenic obesity. Korean J. Intern. Med. 2016, 31, 1054-1060. [CrossRef]

26. Roh, E.; Choi, K.M. Health consequences of sarcopenic obesity: A narrative review. Front. Endocrinol. 2020, 11, 530178. [CrossRef]
[PubMed]

27. Hajji, H.; Tabti, K.; En-nahli, F.; Bouamrane, S.; Lakhlifi, T.; Ajana, M.A.; Bouachrine, M. In silico investigation on the beneficial

effects of medicinal plants on diabetes and obesity: Molecular docking, molecular dynamic simulations, and ADMET studies.
Biointerface Res. Appl. Chem. 2021, 11, 6933-6949.


https://doi.org/10.1111/jcmm.14292
https://www.ncbi.nlm.nih.gov/pubmed/30933431
https://doi.org/10.7554/eLife.34613
https://www.ncbi.nlm.nih.gov/pubmed/29809149
https://doi.org/10.1007/s00223-014-9915-y
https://www.ncbi.nlm.nih.gov/pubmed/25294644
https://doi.org/10.1186/s13287-022-02706-5
https://www.ncbi.nlm.nih.gov/pubmed/35073997
https://doi.org/10.1007/s40266-022-00960-z
https://www.ncbi.nlm.nih.gov/pubmed/35781216
https://doi.org/10.3390/pharmaceutics14122588
https://www.ncbi.nlm.nih.gov/pubmed/36559079
https://doi.org/10.1016/j.mam.2016.02.002
https://www.ncbi.nlm.nih.gov/pubmed/26921790
https://doi.org/10.1016/j.metabol.2023.155533
https://www.ncbi.nlm.nih.gov/pubmed/36907247
https://doi.org/10.1016/j.clnu.2019.01.002
https://doi.org/10.1016/j.arr.2023.102057
https://doi.org/10.1002/agm2.12168
https://www.ncbi.nlm.nih.gov/pubmed/34553120
https://doi.org/10.4235/agmr.19.0028
https://www.ncbi.nlm.nih.gov/pubmed/32743297
https://doi.org/10.5534/wjmh.200190
https://www.ncbi.nlm.nih.gov/pubmed/33831974
https://doi.org/10.1002/jcsm.12552
https://www.ncbi.nlm.nih.gov/pubmed/32049447
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.3389/fphar.2020.01016
https://www.ncbi.nlm.nih.gov/pubmed/32733249
https://doi.org/10.1016/j.matbio.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27269735
https://doi.org/10.1038/nm.3710
https://doi.org/10.1038/nm.3918
https://www.ncbi.nlm.nih.gov/pubmed/26248268
https://doi.org/10.1371/journal.pone.0136217
https://doi.org/10.1038/nm.3869
https://www.ncbi.nlm.nih.gov/pubmed/26053624
https://doi.org/10.1016/j.biopha.2023.115147
https://www.ncbi.nlm.nih.gov/pubmed/37473679
https://doi.org/10.1080/14656566.2019.1622093
https://www.ncbi.nlm.nih.gov/pubmed/31120352
https://doi.org/10.2147/CIA.S366245
https://www.ncbi.nlm.nih.gov/pubmed/35656091
https://doi.org/10.3904/kjim.2016.193
https://doi.org/10.3389/fendo.2020.00332
https://www.ncbi.nlm.nih.gov/pubmed/32508753

Int. J. Mol. Sci. 2024, 25, 4300 21 of 26

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lim, S.; Kim, J.H.; Yoon, ].W.; Kang, S.M.; Choi, S.H.; Park, Y.J.; Kim, KW, Lim, ].Y; Park, K.S.; Jang, H.C. Sarcopenic Obesity:
Prevalence and Association with Metabolic Syndrome in the Korean Longitudinal Study on Health and Aging (KLoSHA). Diabetes
Care 2010, 33, 1652-1654. [CrossRef]

Cauley, J.A. An Overview of Sarcopenic Obesity. J. Clin. Densitom. 2015, 18, 499-505. [CrossRef]

Visser, M.; van Venrooij, L.M.W.; Vulperhorst, L.; de Vos, R.; Wisselink, W.; van Leeuwen, P.A.M.; de Mol, B.A.].M. Sarcopenic
obesity is associated with adverse clinical outcome after cardiac surgery. Nutr. Metab. Cardiovasc. Dis. 2013, 23, 511-518.
[CrossRef]

Grillot, J.; D’Engremont, C.; Parmentier, A.-L.; Lakkis, Z.; Piton, G.; Cazaux, D.; Gay, C.; De Billy, M.; Koch, S.; Borot, S.; et al.
Sarcopenia and visceral obesity assessed by computed tomography are associated with adverse outcomes in patients with Crohn’s
disease. Clin. Nutr. 2020, 39, 3024-3030. [CrossRef] [PubMed]

Carneiro, I.P,; Mazurak, V.C.; Prado, C.M. Clinical Implications of Sarcopenic Obesity in Cancer. Curr. Oncol. Rep. 2016, 18, 62.
[CrossRef] [PubMed]

Peixoto da Silva, S.; Santos, ].M.O.; Costa e Silva, 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]

Peterson, S.J.; Mozer, M. Differentiating sarcopenia and cachexia among patients with cancer. Nutr. Clin. Pract. 2017, 32, 30-39.
[CrossRef] [PubMed]

Dunne, R.E; 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] [PubMed]

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] [PubMed]

Shimizu, T.; Miyake, M.; Hori, S.; Ichikawa, K.; Omori, C.; Iemura, Y.; Owari, T.; Itami, Y.; Nakai, Y.; Anai, S.; et al. Clinical Impact
of Sarcopenia and Inflammatory/Nutritional Markers in Patients with Unresectable Metastatic Urothelial Carcinoma Treated
with Pembrolizumab. Diagnostics 2020, 10, 310. [CrossRef] [PubMed]

Thomas William, H.; Siddhartha, M.O.; Harnish, P.; Trevor, R.S. Getting to grips with sarcopenia: Recent advances and practical
management for the gastroenterologist. Frontline Gastroenterol. 2021, 12, 53. [CrossRef]

Chang, K.-V.; Hsu, T.-H.; Wu, W.-T,; Huang, K.-C.; Han, D.-S. Association Between Sarcopenia and Cognitive Impairment: A
Systematic Review and Meta-Analysis. ]. Am. Med. Dir. Assoc. 2016, 17, 1164.e7-1164.e15. [CrossRef]

Hsu, YH.; Liang, C.K,; Chou, M.Y;; Liao, M.C;; Lin, Y.T.; Chen, L.K;; Lo, Y.K. Association of cognitive impairment, depressive
symptoms and sarcopenia among healthy older men in the veterans retirement community in southern T aiwan: A cross-sectional
study. Geriatr. Gerontol. Int. 2014, 14, 102-108. [CrossRef]

Chen, X.; Han, P;; Yu, X,; Zhang, Y,; Song, P; Liu, Y.; Jiang, Z.; Tao, Z.; Shen, S.; Wu, Y,; et al. Relationships between sarcopenia,
depressive symptoms, and mild cognitive impairment in Chinese community-dwelling older adults. J. Affect. Disord. 2021, 286,
71-77. [CrossRef] [PubMed]

Wong, R.S.Y.; Cheong, S.-K. Therapeutic potential of mesenchymal stem cells and their derivatives in sarcopenia. Malays. J. Pathol.
2022, 44,429-442. [PubMed]

Rooks, D.; Swan, T.; Goswami, B.; Filosa, L.A.; Bunte, O.; Panchaud, N.; Coleman, L.A.; Miller, RR.; Garcia Garayoa, E.;
Praestgaard, J.; et al. Bimagrumab vs Optimized Standard of Care for Treatment of Sarcopenia in Community-Dwelling Older
Adults: A Randomized Clinical Trial. JAMA Netw. Open 2020, 3, €2020836. [CrossRef] [PubMed]

Agostini, F; Bernetti, A.; Di Giacomo, G.; Viva, M.G.; Paoloni, M.; Mangone, M.; Santilli, V.; Masiero, S. Rehabilitative Good
Practices in the Treatment of Sarcopenia: A Narrative Review. Am. |. Phys. Med. Rehabil. 2021, 100, 280-287. [CrossRef] [PubMed]
Landji, F.; Marzetti, E.; Martone, A.M.; Bernabei, R.; Onder, G. Exercise as a remedy for sarcopenia. Curr. Opin. Clin. Nutr. Metab.
Care 2014, 17, 25-31. [CrossRef] [PubMed]

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]

Moore, S.A.; Hrisos, N.; Errington, L.; Rochester, L.; Rodgers, H.; Witham, M.; Sayer, A.A. Exercise as a treatment for sarcopenia:
An umbrella review of systematic review evidence. Physiotherapy 2020, 107, 189-201. [CrossRef] [PubMed]

Yoo, S.-Z.; No, M.-H.; Heo, J.-W.; Park, D.-H.; Kang, ] -H.; Kim, S.H.; Kwak, H.-B. Role of exercise in age-related sarcopenia. J.
Exerc. Rehabil. 2018, 14, 551. [CrossRef] [PubMed]

Iolascon, G.; Moretti, A.; De Sire, A.; Liguori, S.; Toro, G.; Gimigliano, F. Pharmacological therapy of sarcopenia: Past, present and
future. Clin. Cases Miner. Bone Metab. 2018, 15, 407—415.

Sakuma, K.; Hamada, K.; Yamaguchi, A.; Aoi, W. Current Nutritional and Pharmacological Approaches for Attenuating
Sarcopenia. Cells 2023, 12, 2422. [CrossRef]

Kim, JJW,; Kim, R.; Choi, H,; Lee, S.-J.; Bae, G.-U. Understanding of sarcopenia: From definition to therapeutic strategies. Arch.
Pharmacal Res. 2021, 44, 876-889. [CrossRef]

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

Zazzara, M.B.; Penfold, R.S.; Onder, G. The Future of Drugs in Sarcopenia. In Sarcopenia: Research and Clinical Implications;
Veronese, N., Beaudart, C., Sabico, S., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 181-208. [CrossRef]


https://doi.org/10.2337/dc10-0107
https://doi.org/10.1016/j.jocd.2015.04.013
https://doi.org/10.1016/j.numecd.2011.12.001
https://doi.org/10.1016/j.clnu.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/31980183
https://doi.org/10.1007/s11912-016-0546-5
https://www.ncbi.nlm.nih.gov/pubmed/27541923
https://doi.org/10.1002/jcsm.12528
https://www.ncbi.nlm.nih.gov/pubmed/32142217
https://doi.org/10.1177/0884533616680354
https://www.ncbi.nlm.nih.gov/pubmed/28124947
https://doi.org/10.3390/cancers11121861
https://www.ncbi.nlm.nih.gov/pubmed/31769421
https://doi.org/10.3390/nu13061980
https://www.ncbi.nlm.nih.gov/pubmed/34207529
https://doi.org/10.3390/diagnostics10050310
https://www.ncbi.nlm.nih.gov/pubmed/32429323
https://doi.org/10.1136/flgastro-2019-101348
https://doi.org/10.1016/j.jamda.2016.09.013
https://doi.org/10.1111/ggi.12221
https://doi.org/10.1016/j.jad.2021.02.067
https://www.ncbi.nlm.nih.gov/pubmed/33714172
https://www.ncbi.nlm.nih.gov/pubmed/36591711
https://doi.org/10.1001/jamanetworkopen.2020.20836
https://www.ncbi.nlm.nih.gov/pubmed/33074327
https://doi.org/10.1097/PHM.0000000000001572
https://www.ncbi.nlm.nih.gov/pubmed/33595941
https://doi.org/10.1097/MCO.0000000000000018
https://www.ncbi.nlm.nih.gov/pubmed/24310054
https://doi.org/10.1093/ageing/afac003
https://www.ncbi.nlm.nih.gov/pubmed/35150587
https://doi.org/10.1016/j.physio.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/32026819
https://doi.org/10.12965/jer.1836268.134
https://www.ncbi.nlm.nih.gov/pubmed/30276173
https://doi.org/10.3390/cells12192422
https://doi.org/10.1007/s12272-021-01349-z
https://doi.org/10.1016/j.metabol.2023.155597
https://doi.org/10.1007/978-3-030-80038-3_14

Int. J. Mol. Sci. 2024, 25, 4300 22 of 26

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Cho, M.-R;; Lee, S.; Song, S.-K. A review of sarcopenia pathophysiology, diagnosis, treatment and future direction. J. Korean Med.
Sci. 2022, 37, e146. [CrossRef] [PubMed]

Liang, S.; Liu, D.; Xiao, Z.; Greenbaum, J.; Shen, H.; Xiao, H.; Deng, H. Repurposing Approved Drugs for Sarcopenia Based on
Transcriptomics Data in Humans. Pharmaceuticals 2023, 16, 607. [CrossRef] [PubMed]

Kim, H.-J.; Jung, D.-W.; Williams, D.R. Age Is Just a Number: Progress and Obstacles in the Discovery of New Candidate Drugs
for Sarcopenia. Cells 2023, 12, 2608. [CrossRef]

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

Mantuano, P.; Boccanegra, B.; Bianchini, G.; Conte, E.; De Bellis, M.; Sanarica, F.; Camerino, G.M.; Pierno, S.; Cappellari, O.;
Allegretti, M.; et al. BCAAs and Di-Alanine supplementation in the prevention of skeletal muscle atrophy: Preclinical evaluation
in a murine model of hind limb unloading. Pharmacol. Res. 2021, 171, 105798. [CrossRef]

Mantuano, P.; Boccanegra, B.; Bianchini, G.; Cappellari, O.; Tulimiero, L.; Conte, E.; Cirmi, S.; Sanarica, F.; De Bellis, M.;
Mele, A.; et al. Branched-Chain Amino Acids and Di-Alanine Supplementation in Aged Mice: A Translational Study on Sarcope-
nia. Nutrients 2023, 15, 330. [CrossRef] [PubMed]

Martinez-Arnau, EM.; Fonfria-Vivas, R.; Buigues, C.; Castillo, Y.; Molina, P.; Hoogland, A J.; van Doesburg, F.; Pruimboom, L.;
Fernandez-Garrido, J.; Cauli, O. Effects of Leucine Administration in Sarcopenia: A Randomized and Placebo-controlled Clinical
Trial. Nutrients 2020, 12, 932. [CrossRef]

Calvani, R.; Miccheli, A.; Landi, F.; Bossola, M.; Cesari, M.; Leeuwenburgh, C.; Sieber, C.C.; Bernabei, R.; Marzetti, E. Current
nutritional recommendations and novel dietary strategies to manage sarcopenia. |. Frailty Aging 2013, 2, 38-53. [CrossRef]
Witham, M.D.; Granic, A.; Pearson, E.; Robinson, S.M.; Sayer, A.A. Repurposing Drugs for Diabetes Mellitus as Potential
Pharmacological Treatments for Sarcopenia—A Narrative Review. Drugs Aging 2023, 40, 703-719. [CrossRef]

Umbarkar, R.P,; Mittal, A.; Charde, M.S. Validated Stability-Indicating Assay UHPLC Method for Simultaneous Analysis of
Saxagliptin and Metformin in Fixed-Dose Combinations. Biointerface Res. Appl. Chem. 2022, 12, 2729-2744.

Ebert, SM.; Dyle, M.C.; Bullard, S.A.; Dierdorff, ] M.; Murry, D.J.; Fox, D.K,; Bongers, K.S.; Lira, V.A.; Meyerholz, D.K,;
Talley, ].J.; et al. Identification and small molecule inhibition of an activating transcription factor 4 (ATF4)-dependent pathway to
age-related skeletal muscle weakness and atrophy. . Biol. Chem. 2015, 290, 25497-25511. [CrossRef] [PubMed]

Cho, Y.H,; Lee, S.Y,; Kim, C.M.; Kim, N.D.; Choe, S.; Lee, C.-H.; Shin, J.-H. Effect of loquat leaf extract on muscle strength, muscle
mass, and muscle function in healthy adults: A randomized, double-blinded, and placebo-controlled trial. Evid.-Based Complement.
Altern. Med. 2016, 2016, 4301621. [CrossRef] [PubMed]

Bang, H.S.; Seo, D.Y.; Chung, YM.; Oh, K.-M; Park, ].].; Arturo, E; Jeong, S.-H.; Kim, N.; Han, ]. Ursolic acid-induced elevation of
serum irisin augments muscle strength during resistance training in men. Korean J. Physiol. Pharmacol. 2014, 18, 441. [CrossRef]
[PubMed]

Ryu, D.; Mouchiroud, L.; Andreux, P.A.; Katsyuba, E.; Moullan, N.; Nicolet-dit-Félix, A.A.; Williams, E.G.; Jha, P; Lo Sasso, G.;
Huzard, D.; et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans and increases muscle function in rodents.
Nat. Med. 2016, 22, 879-888. [CrossRef]

Singh, A.; D’Amico, D.; Andreux, P.A.; Fouassier, A.M.; Blanco-Bose, W.; Evans, M.; Aebischer, P.; Auwer, J.; Rinsch, C. Urolithin
A improves muscle strength, exercise performance, and biomarkers of mitochondrial health in a randomized trial in middle-aged
adults. Cell Rep. Med. 2022, 3, 100633. [CrossRef] [PubMed]

Liu, S.; D’Amico, D.; Shankland, E.; Bhayana, S.; Garcia, ].M.; Aebischer, P.; Rinsch, C.; Singh, A.; Marcinek, D.J. Effect of urolithin
A supplementation on muscle endurance and mitochondrial health in older adults: A randomized clinical trial. JAMA Netw.
Open 2022, 5, €2144279. [CrossRef] [PubMed]

Mirzaei, M.; Nazemi, H. In silico interactions between curcumin derivatives and monoamine oxidase-a enzyme. Biointerface Res.
Appl. Chem. 2022, 12, 3752-3761.

Yusuf, M.; Sadiya, A.B.; Gulfishan, M. Modern perspectives of curcumin and its derivatives as promising bioactive and
pharmaceutical agents. Biointerface Res. Appl. Chem. 2022, 12, 7177-7204.

Saud Gany, S.L.; Chin, K.-Y,; Tan, J.K.; Aminuddin, A.; Makpol, S. Curcumin as a Therapeutic Agent for Sarcopenia. Nutrients
2023, 15, 2526. [CrossRef] [PubMed]

Ayubi, N.; Kusnanik, N.W.; Herawati, L.; Komaini, A.; Mutohir, T.C.; Gemaini, A.; Nugroho, A.S.; Pranoto, N.W. Effects of
Curcumin on Inflammatory Response During Exercise-Induced Muscle Damage (Literature Review). Biointerface Res. Appl. Chem.
2023, 13, 146.

Receno, C.N,; Liang, C.; Korol, D.L.; Atalay, M.; Heffernan, K.S.; Brutsaert, T.D.; DeRuisseau, K.C. Effects of prolonged dietary
curcumin exposure on skeletal muscle biochemical and functional responses of aged male rats. Int. J. Mol. Sci. 2019, 20, 1178.
[CrossRef] [PubMed]

He, H.-J.; Wang, G.-Y.; Gao, Y.; Ling, W.-H.; Yu, Z.-W.; Jin, T.-R. Curcumin attenuates Nrf2 signaling defect, oxidative stress in
muscle and glucose intolerance in high fat diet-fed mice. World ]. Diabetes 2012, 3, 94. [CrossRef] [PubMed]

Sahin, K,; Pala, R.; Tuzcu, M.; Ozdemir, O.; Orhan, C.; Sahin, N.; Juturu, V. Curcumin prevents muscle damage by regulating
NF-kB and Nrf2 pathways and improves performance: An in vivo model. J. Inflamm. Res. 2016, 9, 147-154. [PubMed]

Kim, S.; Kim, K.; Park, J.; Jun, W. Curcuma longa L. Water extract improves dexamethasone-induced sarcopenia by modulating the
muscle-related gene and oxidative stress in mice. Antioxidants 2021, 10, 1000. [CrossRef] [PubMed]


https://doi.org/10.3346/jkms.2022.37.e146
https://www.ncbi.nlm.nih.gov/pubmed/35535373
https://doi.org/10.3390/ph16040607
https://www.ncbi.nlm.nih.gov/pubmed/37111364
https://doi.org/10.3390/cells12222608
https://doi.org/10.1007/s40266-023-01093-7
https://www.ncbi.nlm.nih.gov/pubmed/38315328
https://doi.org/10.1016/j.phrs.2021.105798
https://doi.org/10.3390/nu15020330
https://www.ncbi.nlm.nih.gov/pubmed/36678201
https://doi.org/10.3390/nu12040932
https://doi.org/10.14283/jfa.2013.7
https://doi.org/10.1007/s40266-023-01042-4
https://doi.org/10.1074/jbc.M115.681445
https://www.ncbi.nlm.nih.gov/pubmed/26338703
https://doi.org/10.1155/2016/4301621
https://www.ncbi.nlm.nih.gov/pubmed/27999607
https://doi.org/10.4196/kjpp.2014.18.5.441
https://www.ncbi.nlm.nih.gov/pubmed/25352765
https://doi.org/10.1038/nm.4132
https://doi.org/10.1016/j.xcrm.2022.100633
https://www.ncbi.nlm.nih.gov/pubmed/35584623
https://doi.org/10.1001/jamanetworkopen.2021.44279
https://www.ncbi.nlm.nih.gov/pubmed/35050355
https://doi.org/10.3390/nu15112526
https://www.ncbi.nlm.nih.gov/pubmed/37299489
https://doi.org/10.3390/ijms20051178
https://www.ncbi.nlm.nih.gov/pubmed/30866573
https://doi.org/10.4239/wjd.v3.i5.94
https://www.ncbi.nlm.nih.gov/pubmed/22645638
https://www.ncbi.nlm.nih.gov/pubmed/27621662
https://doi.org/10.3390/antiox10071000
https://www.ncbi.nlm.nih.gov/pubmed/34201533

Int. J. Mol. Sci. 2024, 25, 4300 23 of 26

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Jeong, H.-J.; Kim, S.; Park, J.; Kim, K.H.; Kim, K.; Jun, W. Antioxidant activities and protective effects of hot water extract from
Curcuma longa L. on oxidative stress-induced C2C12 myoblasts. J. Korean Soc. Food Sci. Nutr. 2017, 46, 1408-1413.

Wang, D.; Yang, Y.; Zou, X.; Zheng, Z.; Zhang, ]. Curcumin ameliorates CKD-induced mitochondrial dysfunction and oxidative
stress through inhibiting GSK-3p activity. J. Nutr. Biochem. 2020, 83, 108404. [CrossRef] [PubMed]

Uchitomi, R.; Oyabu, M.; Kamei, Y. Vitamin D and Sarcopenia: Potential of Vitamin D Supplementation in Sarcopenia Prevention
and Treatment. Nutrients 2020, 12, 3189. [CrossRef]

Mafi, F.; Biglari, S.; Afousi, A.G.; Gaeini, A.A. Improvement in skeletal muscle strength and plasma levels of follistatin and
myostatin induced by an 8-week resistance training and epicatechin supplementation in sarcopenic older adults. J. Aging Phys.
Act. 2019, 27, 384-391. [CrossRef]

Jativa, S.D.; Thapar, N.; Broyles, D.; Dikici, E.; Daftarian, P.; Jiménez, ].J.; Daunert, S.; Deo, S.K. Enhanced Delivery of Plasmid
DNA to Skeletal Muscle Cells using a DLC8-Binding Peptide and ASSLNIA-Modified PAMAM Dendrimer. Mol. Pharm. 2019, 16,
2376-2384. [CrossRef] [PubMed]

Gao, X.; Ran, N.; Dong, X.; Zuo, B.; Yang, R.; Zhou, Q.; Moulton, H.M.; Seow, Y.; Yin, H. Anchor peptide captures, targets, and
loads exosomes of diverse origins for diagnostics and therapy. Sci. Transl. Med. 2018, 10, eaat0195. [CrossRef] [PubMed]
Poussard, S.; Decossas, M.; Le Bihan, O.; Mornet, S.; Naudin, G.; Lambert, O. Internalization and fate of silica nanoparticles in
C2C12 skeletal muscle cells: Evidence of a beneficial effect on myoblast fusion. Int. J. Nanomed. 2015, 10, 1479-1492. [CrossRef]
Ran, N.; Gao, X.; Dong, X.; Li, J.; Lin, C.; Geng, M.; Yin, H. Effects of exosome-mediated delivery of myostatin propeptide on
functional recovery of mdx mice. Biomaterials 2020, 236, 119826. [CrossRef] [PubMed]

Michiue, K.; Takayama, K.; Taniguchi, A.; Hayashi, Y.; Kogure, K. Increasing Skeletal Muscle Mass in Mice by Non-Invasive
Intramuscular Delivery of Myostatin Inhibitory Peptide by Iontophoresis. Pharmaceuticals 2023, 16, 397. [CrossRef] [PubMed]
Kenny, A.M.; Kleppinger, A.; Annis, K.; Rathier, M.; Browner, B.; Judge, ].O.; McGee, D. Effects of Transdermal Testosterone on
Bone and Muscle in Older Men with Low Bioavailable Testosterone Levels, Low Bone Mass, and Physical Frailty. . Am. Geriatr.
Soc. 2010, 58, 1134-1143. [CrossRef] [PubMed]

Skinner, ].W.; Otzel, D.M.; Bowser, A.; Nargi, D.; Agarwal, S.; Peterson, M.D.; Zou, B.; Borst, S.E.; Yarrow, J.F. Muscular responses
to testosterone replacement vary by administration route: A systematic review and meta-analysis. . Cachexia Sarcopenia Muscle
2018, 9, 465-481. [CrossRef] [PubMed]

Zheng, H.; Xie, X.; Ling, H.; You, X,; Liang, S.; Lin, R.; Qiu, R.; Hou, H. Transdermal drug delivery via microneedles for
musculoskeletal systems. |. Mater. Chem. B 2023, 11, 8327-8346. [CrossRef]

Pin, F; Huot, J.R.; Bonetto, A. The mitochondria-targeting agent MitoQ improves muscle atrophy, weakness and oxidative
metabolism in C26 tumor-bearing mice. Front. Cell Dev. Biol. 2022, 10, 861622. [CrossRef]

Campbell, M.D.; Duan, J.; Samuelson, A.T.; Gaffrey, M.].; Merrihew, G.E.; Egertson, ].D.; Wang, L.; Bammler, TK.; Moore, R.J.;
White, C.C.; et al. Improving mitochondrial function with S5-31 reverses age-related redox stress and improves exercise tolerance
in aged mice. Free Radic. Biol. Med. 2019, 134, 268-281. [CrossRef]

Buchke, S.; Sharma, M.; Bora, A.; Relekar, M.; Bhanu, P.; Kumar, J. Mitochondria-Targeted, Nanoparticle-Based Drug-Delivery
Systems: Therapeutics for Mitochondrial Disorders. Life 2022, 12, 657. [CrossRef] [PubMed]

Yamada, Y.; Munechika, R.; Kawamura, E.; Sakurai, Y.; Sato, Y.; Harashima, H. Mitochondrial delivery of doxorubicin using
MITO-porter kills drug-resistant renal cancer cells via mitochondrial toxicity. J. Pharm. Sci. 2017, 106, 2428-2437. [CrossRef]
[PubMed]

Guo, M,; Xiang, H.-].; Wang, Y.; Zhang, Q.-L.; An, L.; Yang, S.-P; Ma, Y.; Wang, Y.; Liu, J.-G. Ruthenium nitrosyl functionalized
graphene quantum dots as an efficient nanoplatform for NIR-light-controlled and mitochondria-targeted delivery of nitric oxide
combined with photothermal therapy. Chem. Commun. 2017, 53, 3253-3256. [CrossRef] [PubMed]

Kianamiri, S.; Dinari, A.; Sadeghizadeh, M.; Rezaei, M.; Daraei, B.; Bahsoun, N.E.-H.; Nomani, A. Mitochondria-targeted
polyamidoamine dendrimer—curcumin construct for hepatocellular cancer treatment. Mol. Pharm. 2020, 17, 4483-4498. [CrossRef]
Yu, Y,; Wang, Z.-H.; Zhang, L.; Yao, H.-].; Zhang, Y.; Li, R-J; Ju, R.-].; Wang, X.-X.; Zhou, J.; Li, N.; et al. Mitochondrial targeting
topotecan-loaded liposomes for treating drug-resistant breast cancer and inhibiting invasive metastases of melanoma. Biomaterials
2012, 33, 1808-1820. [CrossRef] [PubMed]

Marrache, S.; Dhar, S. Engineering of blended nanoparticle platform for delivery of mitochondria-acting therapeutics. Proc. Natl.
Acad. Sci. USA 2012, 109, 16288-16293. [CrossRef]

Van Giau, V.,; An, S.S.A.; Hulme, J.P. Mitochondrial therapeutic interventions in Alzheimer’s disease. . Neurol. Sci. 2018, 395,
62-70. [CrossRef]

Agrawal, M,; Saraf, S.; Pradhan, M.; Patel, R.J.; Singhvi, G.; Ajazuddin; Alexander, A. Design and optimization of curcumin
loaded nano lipid carrier system using Box-Behnken design. Biomed. Pharmacother. 2021, 141, 111919. [CrossRef] [PubMed]
Ward, M.S.; Flemming, N.B.; Gallo, L.A.; Fotheringham, A.K.; McCarthy, D.A.; Zhuang, A.; Tang, PH.; Borg, D.J.; Shaw, H.;
Harvie, B. Targeted mitochondrial therapy using MitoQ shows equivalent renoprotection to angiotensin converting enzyme
inhibition but no combined synergy in diabetes. Sci. Rep. 2017, 7, 15190. [CrossRef]

Karunanidhi, P.; Verma, N.; Kumar, D.N.; Agrawal, A K.; Singh, S. Triphenylphosphonium functionalized Ficus religiosa L. extract
loaded nanoparticles improve the mitochondrial function in oxidative stress induced diabetes. AAPS PharmSciTech 2021, 22, 158.
[CrossRef]


https://doi.org/10.1016/j.jnutbio.2020.108404
https://www.ncbi.nlm.nih.gov/pubmed/32531667
https://doi.org/10.3390/nu12103189
https://doi.org/10.1123/japa.2017-0389
https://doi.org/10.1021/acs.molpharmaceut.8b01313
https://www.ncbi.nlm.nih.gov/pubmed/30951315
https://doi.org/10.1126/scitranslmed.aat0195
https://www.ncbi.nlm.nih.gov/pubmed/29875202
https://doi.org/10.2147/IJN.S74158
https://doi.org/10.1016/j.biomaterials.2020.119826
https://www.ncbi.nlm.nih.gov/pubmed/32028167
https://doi.org/10.3390/ph16030397
https://www.ncbi.nlm.nih.gov/pubmed/36986496
https://doi.org/10.1111/j.1532-5415.2010.02865.x
https://www.ncbi.nlm.nih.gov/pubmed/20722847
https://doi.org/10.1002/jcsm.12291
https://www.ncbi.nlm.nih.gov/pubmed/29542875
https://doi.org/10.1039/D3TB01441J
https://doi.org/10.3389/fcell.2022.861622
https://doi.org/10.1016/j.freeradbiomed.2018.12.031
https://doi.org/10.3390/life12050657
https://www.ncbi.nlm.nih.gov/pubmed/35629325
https://doi.org/10.1016/j.xphs.2017.04.058
https://www.ncbi.nlm.nih.gov/pubmed/28478130
https://doi.org/10.1039/C7CC00670E
https://www.ncbi.nlm.nih.gov/pubmed/28261712
https://doi.org/10.1021/acs.molpharmaceut.0c00566
https://doi.org/10.1016/j.biomaterials.2011.10.085
https://www.ncbi.nlm.nih.gov/pubmed/22136714
https://doi.org/10.1073/pnas.1210096109
https://doi.org/10.1016/j.jns.2018.09.033
https://doi.org/10.1016/j.biopha.2021.111919
https://www.ncbi.nlm.nih.gov/pubmed/34328108
https://doi.org/10.1038/s41598-017-15589-x
https://doi.org/10.1208/s12249-021-02016-8

Int. J. Mol. Sci. 2024, 25, 4300 24 of 26

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Cheng, Y,; Liu, D.-Z.; Zhang, C.-X.; Cui, H,; Liu, M.; Mei, Q.-B.; Lu, Z.-F; Zhou, S.-Y. Mitochondria-targeted antioxidant delivery
for precise treatment of myocardial ischemia—reperfusion injury through a multistage continuous targeted strategy. Nanomed.
Nanotechnol. Biol. Med. 2019, 16, 236-249. [CrossRef] [PubMed]

Ikeda, G.; Matoba, T.; Ishikita, A.; Nagaoka, K.; Nakano, K.; Koga, J.i.; Tsutsui, H.; Egashira, K. Nanoparticle-Mediated
Simultaneous Targeting of Mitochondrial Injury and Inflammation Attenuates Myocardial Ischemia-Reperfusion Injury. . Am.
Heart Assoc. 2021, 10, €019521. [CrossRef] [PubMed]

Ishikita, A.; Matoba, T.; Ikeda, G.; Koga, J.i.; Mao, Y.; Nakano, K.; Takeuchi, O.; Sadoshima, J.; Egashira, K. Nanoparticle-mediated
delivery of mitochondrial division inhibitor 1 to the myocardium protects the heart from ischemia-reperfusion injury through
inhibition of mitochondria outer membrane permeabilization: A new therapeutic modality for acute myocardial infarction. J. Am.
Heart Assoc. 2016, 5, €003872. [PubMed]

Rong, S.; Wang, L.; Peng, Z.; Liao, Y.; Li, D.; Yang, X.; Nuessler, A.K,; Liu, L.; Bao, W.; Yang, W. The mechanisms and treatments
for sarcopenia: Could exosomes be a perspective research strategy in the future? J. Cachexia Sarcopenia Muscle 2020, 11, 348-365.
[CrossRef] [PubMed]

Choi, J.S.; Yoon, H.I; Lee, K.S.; Choi, Y.C.; Yang, S.H.; Kim, L.-S.; Cho, Y.W. Exosomes from differentiating human skeletal muscle
cells trigger myogenesis of stem cells and provide biochemical cues for skeletal muscle regeneration. J. Control. Release 2016, 222,
107-115. [CrossRef] [PubMed]

Mobley, C.B.; Mumford, PW.; McCarthy, J.J.; Miller, M.E.; Young, K.C.; Martin, ].S.; Beck, D.T.; Lockwood, C.M.; Roberts, M.D.
Whey protein-derived exosomes increase protein synthesis and hypertrophy in C2C12 myotubes. J. Dairy Sci. 2017, 100, 48-64.
[CrossRef] [PubMed]

Safdar, A.; Saleem, A.; Tarnopolsky, M.A. The potential of endurance exercise-derived exosomes to treat metabolic diseases. Nat.
Rev. Endocrinol. 2016, 12, 504-517. [CrossRef] [PubMed]

Kahroba, H.; Hejazi, M.S.; Samadi, N. Exosomes: From carcinogenesis and metastasis to diagnosis and treatment of gastric cancer.
Cell. Mol. Life Sci. 2019, 76, 1747-1758. [CrossRef]

Pan, T;; Jia, P; Chen, N.; Fang, Y.; Liang, Y.; Guo, M.; Ding, X. Delayed remote ischemic preconditioning confersrenoprotection
against septic acute kidney injury via exosomal miR-21. Theranostics 2019, 9, 405. [CrossRef]

Gao, L.; Gregorich, Z.R.; Zhu, W.; Mattapally, S.; Oduk, Y.; Lou, X.; Kannappan, R.; Borovjagin, A.V.; Walcott, G.P;
Pollard, A.E.; et al. Large cardiac muscle patches engineered from human induced-pluripotent stem cell-derived cardiac cells
improve recovery from myocardial infarction in swine. Circulation 2018, 137, 1712-1730. [CrossRef]

Zhang, K.; Zhao, X.; Chen, X.; Wei, Y.; Du, W.; Wang, Y.; Liu, L.; Zhao, W.; Han, Z.; Kong, D.; et al. Enhanced Therapeutic Effects
of Mesenchymal Stem Cell-Derived Exosomes with an Injectable Hydrogel for Hindlimb Ischemia Treatment. ACS Appl. Mater.
Interfaces 2018, 10, 30081-30091. [CrossRef] [PubMed]

Zhang, S.; Teo, KY.W,; Chuah, S.J.; Lai, R.C.; Lim, S.K.; Toh, W.S. MSC exosomes alleviate temporomandibular joint osteoarthritis
by attenuating inflammation and restoring matrix homeostasis. Biomaterials 2019, 200, 35-47. [CrossRef] [PubMed]

Qu, M; Lin, Q.; Huang, L.; Fu, Y,; Wang, L.; He, S.; Fu, Y;; Yang, S.; Zhang, Z.; Zhang, L.; et al. Dopamine-loaded blood exosomes
targeted to brain for better treatment of Parkinson’s disease. J. Control. Release 2018, 287, 156-166. [CrossRef] [PubMed]

Tian, X.; Pan, M.; Zhou, M.; Tang, Q.; Chen, M.; Hong, W.; Zhao, E; Liu, K. Mitochondria Transplantation from Stem Cells for
Mitigating Sarcopenia. Aging Dis. 2023, 14, 1700. [CrossRef] [PubMed]

He, Y; Xie, W.; Li, H,; Jin, H.; Zhang, Y,; Li, Y. Cellular senescence in sarcopenia: Possible mechanisms and therapeutic potential.
Front. Cell Dev. Biol. 2022, 9, 793088. [CrossRef] [PubMed]

Abd El Aty, H.E.; Zaazaa, A.M.; Mohamed, S.H.; Dayem, S.A.E.; Foda, F. Promising therapeutic efficacy of Trigonella-foenum
graecum and bone marrow-derived mesenchymal stem cells on skeletal muscle atrophy in experimental rat model. Biointerface
Res. Appl. Chem. 2023,13, 133.

Shpichka, A.; Butnaru, D.; Bezrukov, E.A.; Sukhanov, R.B.; Atala, A.; Burdukovskii, V.; Zhang, Y.; Timashev, P. Skin tissue
regeneration for burn injury. Stem Cell Res. Ther. 2019, 10, 94. [CrossRef] [PubMed]

Wang, C.; Zhao, B.; Zhai, J.; Wang, A.; Cao, N.; Liao, T.; Su, R,; He, L.; Li, Y.; Pei, X,; et al. Clinical-grade human umbilical
cord-derived mesenchymal stem cells improved skeletal muscle dysfunction in age-associated sarcopenia mice. Cell Death Dis.
2023, 14, 321. [CrossRef]

Sun, Y.; Duffy, R.; Lee, A.; Feinberg, A.W. Optimizing the structure and contractility of engineered skeletal muscle thin films. Acta
Biomater. 2013, 9, 7885-7894. [CrossRef]

Zatti, S.; Zoso, A.; Serena, E.; Luni, C.; Cimetta, E.; Elvassore, N. Micropatterning topology on soft substrates affects myoblast
proliferation and differentiation. Langmuir 2012, 28, 2718-2726. [CrossRef]

Tsui, J.H.; Janebodin, K.; Ieronimakis, N.; Yama, D.M.P; Yang, H.S.; Chavanachat, R.; Hays, A.L.; Lee, H.; Reyes, M.; Kim,
D.-H. Harnessing sphingosine-1-phosphate signaling and nanotopographical cues to regulate skeletal muscle maturation and
vascularization. ACS Nano 2017, 11, 11954-11968. [CrossRef] [PubMed]

Maleiner, B.; Tomasch, J.; Heher, P.; Spadiut, O.; Riinzler, D.; Fuchs, C. The importance of biophysical and biochemical stimuli in
dynamic skeletal muscle models. Front. Physiol. 2018, 9, 1130. [CrossRef]

Kwee, B.J.; Mooney, D.]J. Biomaterials for skeletal muscle tissue engineering. Curr. Opin. Biotechnol. 2017, 47, 16-22. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.nano.2018.12.014
https://www.ncbi.nlm.nih.gov/pubmed/30639669
https://doi.org/10.1161/JAHA.120.019521
https://www.ncbi.nlm.nih.gov/pubmed/34056918
https://www.ncbi.nlm.nih.gov/pubmed/27451459
https://doi.org/10.1002/jcsm.12536
https://www.ncbi.nlm.nih.gov/pubmed/31989804
https://doi.org/10.1016/j.jconrel.2015.12.018
https://www.ncbi.nlm.nih.gov/pubmed/26699421
https://doi.org/10.3168/jds.2016-11341
https://www.ncbi.nlm.nih.gov/pubmed/28341051
https://doi.org/10.1038/nrendo.2016.76
https://www.ncbi.nlm.nih.gov/pubmed/27230949
https://doi.org/10.1007/s00018-019-03035-2
https://doi.org/10.7150/thno.29832
https://doi.org/10.1161/CIRCULATIONAHA.117.030785
https://doi.org/10.1021/acsami.8b08449
https://www.ncbi.nlm.nih.gov/pubmed/30118197
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/30771585
https://doi.org/10.1016/j.jconrel.2018.08.035
https://www.ncbi.nlm.nih.gov/pubmed/30165139
https://doi.org/10.14336/AD.2023.0210
https://www.ncbi.nlm.nih.gov/pubmed/37196123
https://doi.org/10.3389/fcell.2021.793088
https://www.ncbi.nlm.nih.gov/pubmed/35083219
https://doi.org/10.1186/s13287-019-1203-3
https://www.ncbi.nlm.nih.gov/pubmed/30876456
https://doi.org/10.1038/s41419-023-05843-8
https://doi.org/10.1016/j.actbio.2013.04.036
https://doi.org/10.1021/la204776e
https://doi.org/10.1021/acsnano.7b00186
https://www.ncbi.nlm.nih.gov/pubmed/29156133
https://doi.org/10.3389/fphys.2018.01130
https://doi.org/10.1016/j.copbio.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/28575733

Int. J. Mol. Sci. 2024, 25, 4300 25 of 26

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Rajabian, N.; Shahini, A.; Asmani, M.; Vydiam, K.; Choudhury, D.; Nguyen, T.; Ikhapoh, I.; Zhao, R.; Lei, P.; Andreadis, S.T.
Bioengineered skeletal muscle as a model of muscle aging and regeneration. Tissue Eng. Part A 2021, 27, 74-86. [CrossRef]
Nambi, G. Integrated Physical Training with Protein Diet in Older Adults with Sarcopenia Symptoms. Available online:
https:/ /www.clinicaltrials.gov/study/NCT05224453 (accessed on 10 February 2024).

Tuan, S.-H. VR-based Rehabilitation in the Treatment and Prevention of Sarcopenia of Older Residents. Available online:
https:/ /www.clinicaltrials.gov/study/NCT03809104 (accessed on 10 February 2024).

Delmonico, M.]. Effects of a Resistance Training Program in Older Women with Sarcopenia (RESTORE-ME). Available online:
https:/ /www.clinicaltrials.gov/study/NCT02628145 (accessed on 10 February 2024).

Novartis. Dose Range Finding Study of Bimagrumab in Sarcopenia. Available online: https://www.clinicaltrials.gov/study/
NCT02333331 (accessed on 10 February 2024).

Merck Sharp & Dohme LLC. A Study of the Safety and Efficacy of MK-0773 in Women with Sarcopenia (Loss of Muscle Mass)
(MK-0773-005). Available online: https:/ /www.clinicaltrials.gov/study/NCT00529659 (accessed on 10 February 2024).
Novartis. A 24-Week Off-Drug Extension Study in Sarcopenic Elderly Who Completed Treatment in the 6-Month Core Study.
Available online: https://www.clinicaltrials.gov/study/NCT02468674 (accessed on 10 February 2024).

University of Arkansas. Maximizing the Dietary Pattern of Older Adults: The Effects of Protein Intake on Protein Kinetics.
Available online: https://clinicaltrials.gov/study /NCT04830514 (accessed on 10 February 2024).

Johns Hopkins University. A Study of Muscle Strength Maintenance in Older Adults. Available online: https://clinicaltrials.gov/
study/NCT01989793 (accessed on 10 February 2024).

University of Arkansas. Effect of an EAA/Whey Composition on Protein Metabolism. Available online: https:/ /clinicaltrials.
gov/study /NCT03502941 (accessed on 10 February 2024).

Olek, R. Carnitine Supplementation and Skeletal Muscle Function. Available online: https://clinicaltrials.gov/study/NCT02692
235 (accessed on 10 February 2024).

The University of Texas Medical Branch, Galveston. Anabolic and Inflammatory Responses to Short-Term Testosterone Adminis-
tration in Older Men. Available online: https://clinicaltrials.gov /study /NCT00957801 (accessed on 10 February 2024).
University of Florida. Biological Effects of Weight Loss in Older, Obese Women (WL+E). Available online: https://clinicaltrials.
gov/study/NCT01032733 (accessed on 10 February 2024).

Dawson-Hughes, B. Effect of Potassium Bicarbonate Supplementation on Bone and Muscle in Older Adults. Available online:
https://clinicaltrials.gov /study/NCT00357214 (accessed on 10 February 2024).

University of Manitoba. Omega-3 Supplementation and Resistance Training. Available online: https:/ /clinicaltrials.gov/study/
NCT02617511 (accessed on 10 February 2024).

University of Colorado, Denver. Acetaminophen and Impaired Musculoskeletal Adaptations to Exercise Training. Available
online: https://clinicaltrials.gov/study/NCT01083901 (accessed on 10 February 2024).

VA Office of Research and Development. Immune Function and Muscle Adaptations to Resistance Exercise in Older Adults
(TDAP2). Available online: https://clinicaltrials.gov/study/NCT02261961 (accessed on 10 February 2024).

Kestenbaum, B. Trial of Nicotinamide Riboside and Co-Enzyme Q10 in Chronic Kidney Disease (CoNR). Available online:
https:/ /clinicaltrials.gov/study/INCT03579693 (accessed on 10 February 2024).

National Institutes of Health Clinical Center. Effects of Aromatase Inhibition versus Testosterone in Older Men with Low
Testosterone: Randomized-Controlled Trial. Available online: https://clinicaltrials.gov/study/NCT00104572 (accessed on
10 February 2024).

The University of Texas Medical Branch, Galveston. IMPACT: Inactivity Monitoring and Physical Activity Controlled Trial
(IMPACT). Available online: https://clinicaltrials.gov/study/NCT01869348 (accessed on 10 February 2024).

Espinoza, S. The Physiologic Effects of Intranasal Oxytocin on Sarcopenic Obesity (INOSO). Available online: https:/ /clinicaltrials.
gov/study/NCT03119610 (accessed on 10 February 2024).

VA Office of Research and Development. 5-Alpha Reductase and Anabolic Effects of Testosterone. Available online: https:
/ /clinicaltrials.gov/study /NCT00475501 (accessed on 10 February 2024).

Himmelfarb, J. Trial of Oral Glutamine on Mitochondrial Function in CKD. Available online: https:/ /clinicaltrials.gov /study/
NCT02838979 (accessed on 10 February 2024).

University of Arkansas. A Physical Activity Program in End-State Liver Disease. Available online: https:/ /clinicaltrials.gov/
study /NCT02776553 (accessed on 10 February 2024).

Nelson Joaquim Fortuna de Sousa. Study of the Long-Term Effects of Exercise on Heath Indicators in Older People. Available
online: https://clinicaltrials.gov/study/NCT01874132 (accessed on 10 February 2024).

Lee, J.L.; Zhang, C.; Westbrook, R.; Gabrawy, M.M.; Nidadavolu, L.; Yang, H.; Marx, R.; Wu, Y.; Anders, N.M.; Ma, L.; et al. Serum
Concentrations of Losartan Metabolites Correlate with Improved Physical Function in a Pilot Study of Prefrail Older Adults. J.
Gerontol. Ser. A Biol. Sci. Med. Sci. 2022, 77, 2356-2366. [CrossRef] [PubMed]

Park, S.; Church, D.D.; Azhar, G.; Schutzler, S.E.; Ferrando, A.A.; Wolfe, R.R. Anabolic response to essential amino acid plus whey
protein composition is greater than whey protein alone in young healthy adults. J. Int. Soc. Sports Nutr. 2020, 17, 9. [CrossRef]
Dennis, R.A.; Ponnappan, U.; Kodell, R.L.; Garner, K.K.; Parkes, C.M.; Bopp, M.M.; Padala, K.P; Peterson, C.A.; Padala, PR,;
Sullivan, D.H. Immune Function and Muscle Adaptations to Resistance exercise in Older Adults: Study Protocol for a Randomized
Controlled Trial of a Nutritional Supplement. Trials 2015, 16, 121. [CrossRef]


https://doi.org/10.1089/ten.tea.2020.0005
https://www.clinicaltrials.gov/study/NCT05224453
https://www.clinicaltrials.gov/study/NCT03809104
https://www.clinicaltrials.gov/study/NCT02628145
https://www.clinicaltrials.gov/study/NCT02333331
https://www.clinicaltrials.gov/study/NCT02333331
https://www.clinicaltrials.gov/study/NCT00529659
https://www.clinicaltrials.gov/study/NCT02468674
https://clinicaltrials.gov/study/NCT04830514
https://clinicaltrials.gov/study/NCT01989793
https://clinicaltrials.gov/study/NCT01989793
https://clinicaltrials.gov/study/NCT03502941
https://clinicaltrials.gov/study/NCT03502941
https://clinicaltrials.gov/study/NCT02692235
https://clinicaltrials.gov/study/NCT02692235
https://clinicaltrials.gov/study/NCT00957801
https://clinicaltrials.gov/study/NCT01032733
https://clinicaltrials.gov/study/NCT01032733
https://clinicaltrials.gov/study/NCT00357214
https://clinicaltrials.gov/study/NCT02617511
https://clinicaltrials.gov/study/NCT02617511
https://clinicaltrials.gov/study/NCT01083901
https://clinicaltrials.gov/study/NCT02261961
https://clinicaltrials.gov/study/NCT03579693
https://clinicaltrials.gov/study/NCT00104572
https://clinicaltrials.gov/study/NCT01869348
https://clinicaltrials.gov/study/NCT03119610
https://clinicaltrials.gov/study/NCT03119610
https://clinicaltrials.gov/study/NCT00475501
https://clinicaltrials.gov/study/NCT00475501
https://clinicaltrials.gov/study/NCT02838979
https://clinicaltrials.gov/study/NCT02838979
https://clinicaltrials.gov/study/NCT02776553
https://clinicaltrials.gov/study/NCT02776553
https://clinicaltrials.gov/study/NCT01874132
https://doi.org/10.1093/gerona/glac102
https://www.ncbi.nlm.nih.gov/pubmed/35511890
https://doi.org/10.1186/s12970-020-0340-5
https://doi.org/10.1186/s13063-015-0631-3

Int. J. Mol. Sci. 2024, 25, 4300 26 of 26

153.

154.

155.

156.

157.

158.

159.

Ahmadi, A.; Begue, G.; Valencia, A.P; Norman, J.E.; Lidgard, B.; Bennett, B.].; Van Doren, M.P.; Marcinek, D.J.; Fan, S,;
Prince, D.K,; et al. Randomized crossover clinical trial of coenzyme Q10 and nicotinamide riboside in chronic kidney disease. JCI
Insight 2023, 8, €167274. [CrossRef]

Lewis, Z.H.; Swartz, M.C.; Martinez, E.; Lyons, E.J. Social Support Patterns of Middle-Aged and Older Adults within a Physical
Activity App: Secondary Mixed Method Analysis. JMIR Aging 2019, 2, €12496. [CrossRef]

Lyons, E.J.; Swartz, M.C.; Lewis, Z.H.; Martinez, E.; Jennings, K. Feasibility and Acceptability of a Wearable Technology Physical
Activity Intervention with Telephone Counseling for Mid-Aged and Older Adults: A Randomized Controlled Pilot Trial. JMIR
Mbhealth Uhealth 2017, 5, €28. [CrossRef]

Sousa, N.; Mendes, R.; Abrantes, C.; Sampaio, J.; Oliveira, ]. A randomized study on lipids response to different exercise programs
in overweight older men. Int. J. Sports Med. 2014, 35, 1106-1111. [CrossRef] [PubMed]

Sousa, N.; Mendes, R.; Silva, A.; Oliveira, ]. Combined exercise is more effective than aerobic exercise in the improvement of
fall risk factors: A randomized controlled trial in community-dwelling older men. Clin. Rehabil. 2017, 31, 478-486. [CrossRef]
[PubMed]

Harris, S.S.; Dawson-Hughes, B. No effect of bicarbonate treatment on insulin sensitivity and glucose control in non-diabetic
older adults. Endocrine 2010, 38, 221-226. [CrossRef] [PubMed]

Dias, ].P; Melvin, D.; Shardell, M.; Ferrucci, L.; Chia, C.W.; Gharib, M.; Egan, ].M.; Basaria, S. Effects of Transdermal Testosterone
Gel or an Aromatase Inhibitor on Prostate Volume in Older Men. |. Clin. Endocrinol. Metab. 2016, 101, 1865-1871. [CrossRef]
[PubMed]

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


https://doi.org/10.1172/jci.insight.167274
https://doi.org/10.2196/12496
https://doi.org/10.2196/mhealth.6967
https://doi.org/10.1055/s-0034-1374639
https://www.ncbi.nlm.nih.gov/pubmed/25009971
https://doi.org/10.1177/0269215516655857
https://www.ncbi.nlm.nih.gov/pubmed/27353246
https://doi.org/10.1007/s12020-010-9377-6
https://www.ncbi.nlm.nih.gov/pubmed/21046483
https://doi.org/10.1210/jc.2016-1111
https://www.ncbi.nlm.nih.gov/pubmed/26950683

	Introduction 
	Sarcopenia—Etiology, Pathogenesis, and Risk Factors 
	Conventional Treatment Approaches 
	Emerging Treatment Approaches 
	New Therapeutic Formulations 
	Drug Delivery Systems 
	Stem Cell Therapies 
	Tissue-Engineered Scaffolds 
	Clinical Trials 

	Conclusions 
	References

