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Abstract

Sarcopenia is an age-related progressive decline in skeletal muscle mass, strength, and
physical performance that increases the risk of falls, disability, and reduced quality of life
among older adults. Its pathogenesis is multifactorial and involves chronic low-grade
inflammation, hormonal disturbances, insulin resistance, and mitochondrial dysfunction,
leading to an imbalance between muscle protein synthesis and degradation. The aim of
this study was to summarise current knowledge regarding the mechanisms underlying
sarcopenia, contemporary diagnostic methods, and the effectiveness of modern nutritional
and exercise-based strategies, with particular emphasis on technologies supporting patient
monitoring. This study is a structured narrative review conducted across PubMed, Scopus,
and Web of Science databases, with the literature search completed on 1 March 2026. Sepa-
rate searches were performed for thematic sections, including pathophysiology, diagnosis,
physical activity, nutritional interventions, plant-derived compounds, and digital health
technologies. While the core search focused on publications from 2023-2025, specific time-
bound deviations were applied: the search for plant-derived compounds was extended
back to 2020, and combined interventions were searched up to March 2026 to ensure the in-
clusion of the most recent evidence. The review included 53 peer-reviewed primary studies
(RCTs and observational) and secondary literature (reviews and meta-analyses) involving
individuals aged >60 years. The most robust evidence supports multicomponent inter-
ventions, particularly the synergy between resistance training and adequate protein intake
(1.2-1.5 g/kg/day), often supplemented with leucine, vitamin D, omega-3 fatty acids, and
creatine. Such strategies effectively counteract anabolic resistance by combining mechanical
loading with the stimulation of the mTORC1 signalling pathway, leading to significant
improvements in muscle mass, strength, and physical function. While isolated protein or
micronutrient supplementation shows limited effectiveness in the absence of exercise, their
role as supportive elements in multimodal strategies is well-documented. Furthermore,
emerging digital health technologies—including wearable sensors and telerehabilitation—
are proving essential for clinical practice, enabling precise, continuous monitoring of
physical activity and gait parameters under free-living conditions, which enhances both
patient adherence and long-term therapeutic outcomes.
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1. Introduction

Sarcopenia, defined as a syndrome characterised by the loss of muscle mass, strength
and function, is recognised as a condition of significant clinical importance [1]. Sarcopenia
increases the risk of falls, hospitalisation, disability and a reduced quality of life in older
people [2]. Epidemiological reviews indicate that its prevalence increases with age and
may reach as high as 50% of the elderly population [3].

The pathophysiology of sarcopenia is multifactorial and involves chronic, low-grade
inflammation (‘inflammaging’), hormonal disorders, insulin resistance and mitochondrial
dysfunction [4-13]. Elevated levels of pro-inflammatory cytokines, such as IL-6 and TNF-«,
exacerbate muscle protein catabolism [4-6], whilst reduced levels of anabolic hormones,
including IGF-1, and the presence of insulin resistance limit muscle protein synthesis [7-9].
Furthermore, mitochondrial dysfunction leads to increased oxidative stress and distur-
bances in cellular energy homeostasis, which contributes to the loss of muscle mass and
function [10-13].

Physical activity plays a key role in maintaining muscle mass and function. Studies
have shown that resistance and multi-component training programmes significantly im-
prove muscle strength (including grip strength and knee extension) as well as physical per-
formance (walking speed, TUG test, sit-to-stand) in older adults with sarcopenia [9,14,15].
Regular training not only slows the rate of muscle strength and physical function loss, but
may also partially counteract anabolic resistance and support the effective utilisation of
IGF-1[9,14,15].

Proper nutrition is a key element in the prevention and treatment of sarcopenia.
Data from systematic reviews and meta-analyses indicate that an increased protein intake
(1.2-1.5 g/kg body weight/day), particularly protein rich in leucine, supports the main-
tenance of muscle mass and strength in older adults [16,17]. Leucine, by activating the
mTORC1 pathway, stimulates muscle protein synthesis and enhances the anabolic response
of muscles, particularly when combined with resistance training [18-21]. There is also grow-
ing evidence that omega-3 fatty acids (EPA and DHA), thanks to their anti-inflammatory
and anabolic effects, may support muscle function and reduce muscle mass loss in older
adults [22-24]. In addition, active forms of vitamin D, particularly when combined with
a high-protein diet, may improve muscle function and reduce the risk of falls [25]. A
growing body of evidence suggests that the progression of sarcopenia may also be modu-
lated by multi-component interventions involving micronutrients, antioxidants, creatine
and components that influence the gut microbiome [26-33]. These mechanisms include,
among others, the reduction of oxidative stress and chronic inflammation, the improvement
of mitochondrial function, and the modulation of muscle anabolic pathways [28,32-35].
However, the available clinical evidence remains inconsistent.

Advances in modern technology are enabling increasingly accurate assessments of
muscle mass and function. This is crucial both for the diagnosis of sarcopenia and for mon-
itoring the effectiveness of therapeutic interventions in older people. Dual-energy X-ray
absorptiometry (DXA) remains the gold standard for assessing lean muscle mass and body
composition, enabling precise measurement of whole-body and segmental muscle mass [36].
Alternatively, bioelectrical impedance analysis (BIA), particularly in multi-frequency ver-
sions, is widely used as a rapid, non-invasive screening tool for assessing muscle mass in
outpatient settings, and its results correlate strongly with DXA measurements, especially
after appropriate calibration of methods and analysis algorithms [37,38].

Currently, an increasing number of studies also point to the usefulness of muscle
ultrasound in the quantitative assessment of muscle mass—muscle thickness and cross-
sectional area (e.g., of the rectus femoris or gastrocnemius) are reliable and reproducible
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parameters that correlate with reference measurements and can be used in clinical practice
and epidemiological studies [39,40].

Furthermore, advances in mobile and sensor technology enable the real-time monitor-
ing of physical activity via wearables (e.g., step count, walking time, movement dynamics),
which supplements static measurements of muscle mass with functional data and facilitates
the assessment of a patient’s response to training and rehabilitation interventions in the
context of everyday activities [41].

Despite the growing number of studies on the role of a high-protein diet, supplemen-
tation with selected nutrients, and resistance training in the prevention and treatment of
sarcopenia, there is still a lack of integrated studies combining nutritional interventions,
physical activity, and modern technologies for monitoring muscle mass and function within
a single, coherent management model. The integration of these areas may hold the key to a
more precise and personalised therapeutic strategy for older adults.

The aim of this review is to present the current knowledge on sarcopenia in older
adults, with particular emphasis on: pathophysiological mechanisms, diagnostic methods
and muscle monitoring, as well as effective nutritional and training strategies. Particular
emphasis has been placed on the integration of a technological approach with nutritional
and training interventions.

2. Search Strategy and Study Selection

This study is a structured narrative review aimed at summarizing the current evidence
regarding the pathophysiology, diagnosis, and nutritional and technological management
of sarcopenia in older adults. Separate literature searches were conducted for each ma-
jor thematic section, including pathophysiology, diagnosis, physical activity, nutritional
interventions, plant-derived compounds, and digital health technologies.

The search strategy was tailored to the scope of each section while maintaining a
common core search based on the terms “sarcopenia” AND “older adults”. Additional
keywords were selected according to the specific topic of each section. The full database-
specific search strategies are presented in Supplementary Table S1.

A structured literature search was performed to identify the most relevant and up-
to-date scientific evidence. Both primary studies (RCTs and observational studies) and
secondary literature (systematic reviews and meta-analyses) were included [42].

The literature search was conducted in peer-reviewed indexed databases (PubMed,
Scopus, and Web of Science) and restricted to publications available up to March 2026,
which corresponds to the final date of manuscript submission.

The majority of literature searches were conducted for the period January 2023 to
December 2025, reflecting the core evidence base for sarcopenia research in older adults.

Two topic-specific deviations from this timeframe were applied and explicitly justified.
First, for plant-derived compounds, the search was extended back to 2020 due to the limited
number of high-quality clinical studies in this area and the need to capture foundational and
early clinical evidence. Second, for combined interventions (resistance training combined
with protein supplementation), the search was extended up to March 2026 to include the
most recently published trials and ensure maximal currency of evidence at the time of
manuscript submission.

The inclusion criteria for the review were studies involving individuals aged >60 years
with sarcopenia or at risk of sarcopenia, assessment of muscle mass, strength or physical
function, nutritional and/or exercise interventions, and monitoring of changes in muscle
mass or function, published in peer-reviewed scientific journals.
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Articles concerning animals only, studies involving younger adults, case reports, and
publications published outside the designated timeframes for each specific category were
excluded.

The structured literature search was completed on 1 March 2026. References published
thereafter were included only where appropriate to provide contextual background or to
support the discussion and were not part of the structured literature search. A total of
53 publications met the eligibility criteria and were included in the narrative review and
the summary tables.

Selected publications were analysed in terms of: population, type of intervention,
duration, functional outcomes and muscle mass. Where possible, data from primary studies
were compiled into comparative tables covering the effects of protein, leucine, vitamin D
and omega-3 supplementation, as well as exercise interventions. Data from the selected
publications were systematically collated, and the results were presented in both narrative
and tabular form.

For clarity, the tables summarise: the type of intervention, the study population, mus-
cle parameters, outcomes, and the potential objectives of the intervention. For technological
studies, figures were created illustrating the measurement protocols for muscle mass and
function (DXA, BIA, ultrasound, wearable devices). Given the narrative nature of this
review, no formal assessment of methodological quality or risk of bias of the included
studies was performed. Because this study is a structured narrative review, no formal
evidence grading framework was applied. The qualitative star rating presented in the
tables is intended solely to facilitate comparison between interventions and reflects the
authors’ synthesis of the available literature.

3. The Pathophysiology of Sarcopenia in Older People

Sarcopenia is a multifactorial pathophysiological syndrome resulting from the complex
interaction of biological, metabolic and environmental processes, including an imbalance
between the synthesis and degradation of muscle proteins, hormonal changes and chronic,
low-grade activation of the inflammatory response [6,32-35,39—41,43-50] (Figure 1).

Inflammaging: 1T IL-6, T TNF-
a, T CRP— muscle protein
catabolism, T proteolysis

aging \
Decrease in anabolic
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Figure 1. Pathophysiology of Sarcopenia in Older Adults. Block colours: orange—pathophysiological
factors; arrows: direction of influence on the decline in muscle mass and strength. The various
pathophysiological mechanisms interact closely with one another.
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3.1. Chronic Inflammation (‘Inflammaging’)

The ageing process is associated with persistent, chronic inflammation, referred to
as ‘inflammaging’, which is considered one of the key pathophysiological mechanisms
underlying sarcopenia. Numerous studies have shown that older people have elevated
levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumour necrosis factor
alpha (TNF-«) and C-reactive protein (CRP), whose levels correlate with reduced muscle
mass and strength and impaired functional capacity [32-34].

Factors contributing to the development of inflammaging include immunosenescence,
the accumulation of senescent cells secreting a pro-inflammatory secretory phenotype
(SASP), mitochondrial dysfunction, increased oxidative stress, and disturbances in the
gut microbiota and coexisting visceral obesity. These factors lead to chronic activation of
the immune system and the persistence of a systemic, chronic low-grade inflammatory
response [32-34].

Persistent inflammation promotes muscle protein catabolism through the activation of
degradation pathways dependent on the ubiquitin-proteasome system and autophagy, as
well as through the inhibition of anabolic signalling (including the IGF-1/Akt/mTOR axis).
It has been shown that TNF-« and IL-6 can activate transcription factors such as NF-«B,
leading to increased expression of ubiquitin ligases (e.g., MuRF-1, atrogin-1), resulting in
enhanced degradation of myofibrillar proteins [6,33]. Furthermore, chronic inflammation
exacerbates oxidative stress, disrupts mitochondrial function and impairs the activation
and proliferation of satellite cells, which further limits the regenerative capacity of skeletal
muscle and contributes to the progression of sarcopenia [34,35].

Elevated levels of IL-6 and CRP also show a significant correlation with frailty, sug-
gesting that chronic inflammation constitutes a common pathophysiological mechanism
underlying both conditions [32,33,36,37]. Importantly, inflammatory markers also have
prognostic significance—higher concentrations are associated with a greater risk of frailty
progression and functional decline in older adults, whilst effective clinical interventions
can lead to their reduction [32,34,36-38].

A growing body of evidence also suggests that inflammaging may exacerbate an-
abolic resistance by impairing the muscle response to anabolic stimuli and physical activity.
Chronic activation of inflammatory pathways interferes with the phosphorylation of com-
ponents of the mTORC]1 cascade, leading to reduced muscle protein synthesis following
protein intake, particularly in older adults with elevated inflammatory markers [6,35].

In light of current scientific evidence, chronic low-grade inflammation is considered
one of the key mechanisms contributing to the development and progression of sarcopenia.
However, its effects occur in close interaction with hormonal changes, metabolic distur-
bances, mitochondrial dysfunction, physical inactivity and nutritional status, reflecting
the multifactorial nature of age-related muscle loss. At the same time, progressive loss of
muscle mass and the associated decline in physical activity may further exacerbate systemic
inflammation, creating a self-perpetuating cycle. Therefore, inflammation should be viewed
both as an important pathogenic mechanism and as a consequence of disease progression.
Consequently, interventions aimed at reducing inflammation through appropriate nutrition
and physical activity may help interrupt this vicious cycle, although their effectiveness is
likely to depend on simultaneous improvement in muscle function and physical activity
levels [6,32-35] (Figure 2).

3.2. Hormonal and Metabolic Changes in Sarcopenia

As we age, multifaceted hormonal and metabolic changes occur which directly affect
the balance between the synthesis and breakdown of muscle proteins, contributing to the
development and progression of sarcopenia. One of the fundamental mechanisms is the
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decline in levels of anabolic hormones, such as insulin-like growth factor-1 (IGF-1), testos-
terone and growth hormone, which is observed in older adults and shows a significant
correlation with reduced muscle mass and strength [7,39,40]. Reduced IGF-1 concentrations
are associated with impaired anabolic muscle response and reduced capacity for muscle
fibre regeneration, which may accelerate muscle mass loss in older adults. In older popula-
tions with sarcopenia, significant correlations have been found between lower IGF-1 levels
and the severity of muscle mass and function loss, suggesting its important role in regulat-
ing muscle anabolism in the course of sarcopenia [8,41]. Furthermore, mechanistic analyses
of IGF-1 signalling show that its activity promotes protein synthesis and the proliferation
of satellite cells in skeletal muscle, and that its disruption may limit the ability to regenerate
muscle in the ageing body [43].

Inflammaging
T IL-6
T TNF-a
T CRP

|
{ !

Activation of inflammatory pathways \
NF-kB, FOXO \
T MuRF-1
T Atrogin-1
T protein degradation
ubiquitin-proteasome
autophagy

L

Sarcopenia
| muscle mass
| muscle strength

Figure 2. The effect of inflammaging on muscle protein degradation and anabolic resistance.

The loss of androgens, including endogenous testosterone, with age reduces the
anabolic signals that lead to muscle protein synthesis. Epidemiological studies indicate that
lower testosterone concentrations are associated with reduced muscle mass and strength in
older adults, although clinical data are heterogeneous and require further verification in
larger prospective studies. In population-based studies of elderly men, reduced testosterone
levels correlated with lower muscle mass and poorer grip strength scores, indicating its role
in maintaining muscle homeostasis [44,45]. Furthermore, literature reviews suggest that
androgens influence the anabolic response of muscles by modulating the IGF-1/Akt/mTOR
pathway and activating androgen receptors in muscle tissue, although the results are
not uniform and further data from randomised controlled trials are needed [46]. The
phenomenon of anabolic resistance may partly result from impaired activation of the
IGF-1/Akt/mTOR signalling pathway and coexisting insulin resistance.

Insulin resistance is frequently observed as part of the ageing process, particularly in
individuals with obesity and metabolic syndrome, which has significant implications for
muscle protein metabolism. Insulin primarily acts in an anti-catabolic manner by inhibiting
muscle proteolysis, whilst its effect on protein synthesis depends on the simultaneous avail-
ability of amino acids. In states of insulin resistance, these processes are disrupted—insulin
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resistance limits the muscles’ ability to utilise anabolic signals, leading to a weakened
protein synthesis response in post-exercise and post-meal reactions in older adults [47].

Mechanistically, anabolic resistance is also observed in older adults, defined as a
reduced ability of muscles to activate the key anabolic mTORC1 pathway and an impaired
response to supplied amino acids and insulin, resulting in lower efficiency of muscle protein
synthesis compared to younger individuals [9,48,49]. This condition is closely linked to
the presence of insulin resistance and a general reduction in anabolic signalling in ageing
muscles, which contributes to the progression of sarcopenia [48,49].

There is also growing evidence to support the role of mitochondrial dysfunction in the
pathogenesis of sarcopenia. Ageing leads to impaired mitochondrial biogenesis, reduced
oxidative phosphorylation capacity and ATP production, and increased oxidative stress
in muscles, which is associated with changes in mitochondrial dynamics and impaired
mitochondprial quality control [11,50]. These changes are associated with impaired muscle
metabolic function, reduced ability to adapt to exercise, and increased insulin resistance,
which correlates with reduced muscle mass and strength in older adults [51,52].

Mitochondrial dysfunction may also induce increased production of reactive oxygen
species (ROS), leading to further damage to muscle proteins and lipids, an intensification
of catabolic processes, and disturbances in mitochondrial dynamics (fusion/fission), which
are observed in the context of ageing and sarcopenia. Increased mtROS production and mi-
tochondrial bioenergetic disturbances have been described as key pathogenic mechanisms
in sarcopenia, associated with a decline in ATP production and muscle function in older
adults [13,53,54]. Dysfunction of mitochondrial quality control, including disturbances
in the fusion/fission balance and mitophagy, has also been linked to the accumulation of
damaged mitochondria and impaired muscle regenerative function [50,55].

In summary, hormonal changes (decreases in IGF-1 and androgens), insulin resistance
and mitochondrial dysfunction act synergistically, disrupting anabolic signalling and the
muscles” ability to maintain protein balance. These mechanisms do not act independently
but interact closely with chronic inflammation, physical inactivity, nutritional status and
other age-related biological processes, collectively contributing to the development and
progression of sarcopenia.

3.3. Low Levels of Physical Activity

The lack of mechanical stimulation of the muscles is one of the key factors contributing
to the development of sarcopenia in older people. Physical inactivity and chronic sedentary
behaviour lead to a weakening of anabolic signalling in skeletal muscles, a reduction in
the rate of muscle protein synthesis (MPS) and an acceleration of muscle mass loss, as
described by Tezze et al. (2023) [9].

The results of observational studies and meta-analyses indicate that higher levels of
total physical activity, including moderate- and high-intensity activity, are associated with a
significantly lower risk of sarcopenia. This effect is mediated by beneficial effects on muscle
mass, strength and functional fitness, as suggested by Sanchez-Sanchez et al. (2024) [56].

Resistance training (RT) is considered the most effective non-pharmacological inter-
vention for the prevention and treatment of sarcopenia. Prospective and meta-analytical
studies conducted by Zhou et al. (2025) [15] (older women with sarcopenia) and Govin-
dasamy et al. (2025) [57] have shown that even moderate-intensity programmes lead to a
significant increase in muscle strength, lean body mass and improved functional capacity.

These mechanisms include activation of the mTOR pathway, increased muscle pro-
tein synthesis, and neuromuscular adaptations. Although activation of mTOR signalling
is considered one of the principal anabolic mechanisms underlying resistance exercise,
muscle adaptation is influenced by multiple interacting factors, including age, nutritional

https:/ /doi.org/10.3390/app16147338


https://doi.org/10.3390/app16147338

Appl. Sci. 2026, 16, 7338

8 of 36

status, inflammation, hormonal milieu and metabolic health. Consequently, resistance
exercise helps counteract so-called “anabolic resistance’, defined as the reduced ability of
skeletal muscles to increase protein synthesis in response to amino acid intake and exercise
stimulation, which intensifies with age and under conditions of inactivity (Tezze et al.,
2023) [9].

Endurance (aerobic) training exerts its effects through distinct yet complementary
mechanisms, such as improved muscle perfusion, enhanced mitochondriogenesis and a re-
duction in chronic low-grade inflammation, which promotes improved muscle metabolism
and endurance. Because chronic inflammation also contributes to anabolic resistance and
muscle catabolism, reducing inflammation may help interrupt this vicious cycle and en-
hance the response to exercise and nutritional interventions. These mechanisms were
described by Tezze et al. (2023) [9].

Multicomponent interventions, comprising resistance training combined with an
endurance component and nutritional support, appear to have an additive effect in terms
of increasing muscle strength and improving physical function. A network meta-analysis
conducted by Zhao et al. (2025) [58] showed that combining resistance training with
protein supplementation was most effective in improving muscle strength and functional
parameters in older adults with sarcopenia [58].

The major pathophysiological mechanisms contributing to sarcopenia in older adults,
together with their molecular characteristics, effects on skeletal muscles, and potential
targets for intervention, are summarised in Table 1.

Table 1. Major pathophysiological mechanisms of sarcopenia in older adults and potential targets for

intervention.
. Mo!ecule.lr/ Effects on Literature/Research Potential Targets for
Mechanism Physiological .t ;
Processes Muscles Findings Intervention
4IL-6, 1 TNF-ct, 1 Protein Anti-inflammatory diet
Inflammaein CRP, NF-«B catabolism, Tezze et al. (2023) [9]; (ome;gla-s?;,cglo;}clgsietnols),
&ng activation, SASP, impaired satellite Zhao et al. (2025) [58] red E c t}ilon of ViSCQI‘Zi fat
oxidative stress cell regeneration
mass
Resistance training,
Decline in JIGF-1, | Rri?;;ej rrﬁlﬁse(;llz protein/leucine
anabolic testosterone, | p anab};lic ’ Zhao et al. (2025) [58] supplementation,
hormones growth hormone resistance hormone therapy in some
cases
. Akt/mTOR Impaired Li et al. (2022) [27]; Weight control,
Insulin ) . anabolic response . . low-glycemic diet,
. signaling ) Affourtit & Carré .
resistance 2 to protein and endurance and resistance
abnormalities . (2024) [11] .
exercise exercise
Impaired muscle Endurance and interval
. . Fusion/fission p Jeong et al. (2024) [50]; Xu training, antioxidant
Mitochondrial . performance, . .
. disorders, T mtROS, . . et al. (2025) [53]; Marzetti supplementation,
dysfunction increased protein .
J ATP degradation et al. (2025) [55] omega-3 fatty acids,

improved protein intake

Furthermore, reducing sedentary time and increasing daily informal physical activity

(e.g., number of steps) is associated with maintaining muscle mass and slowing functional
decline [56].
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Prolonged immobilisation or a significant reduction in physical activity leads to an
exacerbation of ‘anabolic resistance’, which accelerates atrophic processes [9]. Physical
inactivity promotes the intensification of catabolic processes and disrupts the regulation
of muscle proteinostasis, leading to a predominance of muscle protein degradation over
synthesis [9,15].

Based on current guidelines and the available scientific evidence, Table 2 summarises
practical recommendations for planning resistance training in older adults with sarcopenia.
The recommendations cover the key parameters of a training programme, such as frequency,
intensity, volume, type of exercise, load progression, programme duration and the role
of supervised training. The values presented are indicative and should be adapted to the
patient’s clinical condition, functional capacity and comorbidities.

Table 2. Evidence-based resistance training prescription for older adults with sarcopenia.

Parameter Recommendation Clinical Notes Evidence Source
. Non-consecutive days
Frequency 2-3 sessions/week recommended [1,59-61]
o . PP
Intensity ~60-80% 1RM 40-50% IRM in frail /initial [1,59-63]
training phases
Volume (sets & reps) 1-3 sets of 8-12 repetitions  Applied to major muscle groups [59-62]
. Multi-joint resistance
Exercise type exercises e.g., squat, leg press, chest press [59-61]
. Gradual overload (~=2-10% Based on functional capacity
Progression when tolerated) and adaptation [59-61]
Most RCTs show significant
Program duration >12 weeks improvements after [1,61-63]
12-24 weeks
Supervision Recommended in frail Improves safety, gdherence, and [1,61,63,64]
older adults technique

1RM—one-repetition maximum (the maximum load that can be lifted once with correct technique); RCTs—
randomized controlled trials.

A summary of the types of physical activity, their mechanisms of action and the clinical
parameters monitored is presented in Table 3.
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Table 3. Physical activity in the prevention and treatment of sarcopenia.
Demographic . . Potential
Type of Activity  Type of Evidence  Characteristics of the Mechar}lsm of Effects on Muscles L1terat‘ure./Research Intervention Parar.neters
. Action Findings Monitored
Population Targets
Older adults mTOR stimulation, . Grip strength,
. . . . Zhou et al. Improvement in .
. . (>60 years), including 1 protein synthesis, knee extension
. Systematic reviews, T 1 muscle mass, 1 (2025) [15]; muscle mass and
Resistance healthy individuals neuromuscular . strength,
. meta-analyses, . . strength, 1 Govindasamy et al. strength, .
training (RT) . : and those diagnosed adaptations, . . X functional tests
scoping reviews : . physical function (2025) [57]; Tezze counteracting
with counteracting et al. (2023) [9] anabolic resistance (TUG,
sarcopenia/frailty anabolic resistance ' sit-to-stand)
Older adults Improved muscle 1 muscular Increased
. .. . . endurance, VO,max,
Endurance Reviews, clinical (>60 years), perfusion, T mito- endurance, Tezze et al. . .
: iy . . . . . . . support for walking time,
(aerobic) training  physiology studies  community-dwelling  chondriogenesis, | improved (2023) [9] . .
e . : ) mitochondrial number of steps
individuals inflammation metabolism .
function
Multi-
component Older adults Combination of + muscle mass Comprehensive Functional tests,
training (RT + Network (>60 years) fulfilling anabolic and streneth. and ! Zhao et al. im r(I)jvement of body
aerobic/with a meta-analysis EWGSOP/AWGS metabolic sty (2025) [58] P . composition,
o o . . endurance muscle function
nutritional criteria for sarcopenia mechanisms muscle strength
component)
. Older adults Reduction Of. Maintenance of St?p. coqnt,
o e . Observational sedentary behavior, . p . activity time,
Daily /“informal . . (>60 years), general muscle mass, Sanchez-Sanchez  Prevention of mass
. studies, systematic . low-level . movement
activity . population across . reduction of et al. (2024) [56] and strength loss )
reviews . - mechanical . . dynamics
various activity levels : : functional decline
stimulation (wearables)
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3.4. Nutritional and Lifestyle Interventions in Sarcopenia

An optimal supply of nutrients is crucial for maintaining muscle protein balance and
the effective regeneration of muscle fibres in the ageing body. In older people, insufficient
protein intake is frequently observed, which is associated with reduced stimulation of
muscle protein synthesis and an increase in anabolic resistance [65,66].

Current recommendations suggest that older adults increase their daily protein intake
to approximately 1.2-1.5 g/kg body weight per day, particularly in cases of coexisting
sarcopenia or chronic diseases [17]. The quality of dietary protein is also of key importance,
particularly its content of branched-chain amino acids (BCAAs), especially leucine. Leucine
is a key activator of the mTOR signalling pathway; however, the anabolic response depends
on several interacting factors, including physical activity, age, inflammatory status, insulin
sensitivity and overall protein availability [18,65]. Supplementation with leucine-enriched
whey protein may improve muscle parameters (mass, strength, function), particularly
when combined with resistance training [18,67], significantly more effectively than supple-
mentation alone, suggesting a synergistic effect between mechanical stimulation and amino
acid supply [68,69]. However, protein intake recommendations should be individualized
in older adults with chronic comorbidities. According to the ESPEN Practical Guideline
on Clinical Nutrition and Hydration in Geriatrics, higher protein intakes are generally
appropriate for older adults; however, in patients with chronic kidney disease (CKD),
intake should be adjusted according to disease stage and current nephrology guidelines.
Similarly, nutritional management should be individualized in patients with advanced
liver disease or heart failure, as altered metabolism, fluid balance disturbances, and fre-
quent coexisting renal dysfunction may necessitate modification of protein intake and close
clinical monitoring [70,71].

Available evidence consistently supports the combination of resistance training with
adequate protein intake. Leucine, vitamin D and omega-3 fatty acids may provide addi-
tional benefits, particularly in individuals with nutritional deficiencies or increased risk
of sarcopenia. However, direct evidence demonstrating additive benefits when these
nutrients are combined with resistance training and adequate protein intake remains lim-
ited [18,65,72].

There is growing evidence in the literature that other dietary components may mod-
ulate the progression of sarcopenia through various biological mechanisms. Creatine
supplementation is one of the best-studied methods of supporting muscle function in older
adults, particularly when combined with resistance training. Creatine increases phospho-
creatine stores in muscles, which supports rapid ATP regeneration during intense exercise,
and may also help improve anabolic signalling and muscle adaptations. Meta-analyses
and systematic reviews indicate that creatine, when combined with strength training in
older adults, increases muscle strength and lean body mass compared to resistance training
alone or a placebo, making it a promising adjunct to support the treatment of sarcopenia in
this population [73]. The available evidence also suggests that the greatest benefits of crea-
tine supplementation are observed precisely when combined with progressive resistance
training, whilst the effectiveness of its use without concurrent physical activity remains
less clear. However, caution should be exercised in patients with chronic kidney disease
(CKD), particularly in its advanced stages, where supplementation should be tailored to the
patient’s clinical condition and carried out whilst monitoring kidney function. Similarly, in
individuals with advanced liver disease or heart failure, the available data on the safety and
efficacy of creatine supplementation remain limited. Consequently, its routine use in these
patient groups is not currently recommended, and the decision to initiate supplementation
should be made on a case-by-case basis, under appropriate medical supervision [74-77].
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Vitamin D is one of the most extensively studied micronutrients in the context of
sarcopenia, due to its wide-ranging effects on the musculoskeletal system. Vitamin D
deficiency is common in older adults and is associated with reduced muscle strength,
impaired physical function and an increased risk of falls [70].

From a mechanistic perspective, vitamin D may influence mitochondrial function, the
regulation of oxidative stress and calcium signalling in muscles, although the results of
clinical interventions involving vitamin D supplementation alone are mixed. In populations
without vitamin D deficiency, supplementation with vitamin D alone has no effect on
muscle mass and strength; however, in populations with a history of deficiency or as
part of a multimodal strategy (e.g., combined with training or other nutrients), it may
help maintain muscle function. Therefore, the role of vitamin D in sarcopenia should not
be interpreted as an independent anabolic intervention. Rather, vitamin D appears to
support muscle function primarily in individuals with deficiency or as part of multimodal
interventions, where improvements are likely driven predominantly by resistance exercise
and adequate protein intake [69,71].

Omega-3 fatty acids (EPA and DHA) have anti-inflammatory properties and may
enhance the anabolic response of skeletal muscle. Their potential benefits are likely related
to modulation of chronic low-grade inflammation, which is considered one of several
interacting mechanisms involved in the pathogenesis and progression of sarcopenia [72].
Meta-analyses of randomised clinical trials suggest a possible improvement in muscle mass
and strength in older adults at increased risk of sarcopenia following the introduction of
omega-3 fatty acid supplementation [22].

The gut microbiome is recognised as an important component of the gut-muscle axis,
influencing inflammation, metabolism and nutrient absorption. Systematic reviews of
randomised trials indicate that probiotic supplementation in older adults may improve
muscle strength (e.g., grip strength) and physical function (e.g., walking speed) compared
with placebo, although evidence regarding a direct effect on muscle mass is still limited.
The results also suggest potential benefits of prebiotics on muscle strength, but further
high-quality research is needed in this area [74,75].

Population-based studies also indicate that dietary patterns rich in vitamins, minerals
and compounds with antioxidant properties are associated with greater muscle mass and a
lower risk of sarcopenia [78]. Similarly, antioxidant supplementation (including vitamins C
and E, carotenoids and polyphenols), particularly when combined with resistance training,
may help improve muscle strength and physical fitness, although the available research
findings remain mixed [79].

A growing body of research also points to the importance of B vitamins—particularly
vitamins B6, B9 (folic acid) and B12—for maintaining muscle health. Population-based
data suggest that lower intake or deficiency of these vitamins is associated with reduced
muscle mass, poorer muscle strength and reduced physical fitness. Prospective studies
also indicate that vitamin B12 deficiency may increase the risk of developing sarcopenia in
older people [80-82].

Numerous observational studies and systematic reviews also suggest the role of min-
erals in the context of multimodal interventions, particularly in improving the performance
of activities of daily living and overall fitness, especially when used in combination with
other nutrients and non-pharmacological interventions [83].

In literature reviews extending beyond the period covered by this analysis, van Dronke-
laar et al. (2023) [84] reported that magnesium and selenium intake was significantly
associated with better muscle mass, strength and physical function, as well as a lower
prevalence of sarcopenia in older adults; however, most of the available data comes from
observational studies and is inconsistent.
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Findings regarding other minerals, such as calcium, iron, phosphorus and potassium,
are scarce and often inconclusive. In review analyses, the lack of strong clinical evidence
suggests that their impact on muscle mass and strength may be limited or dependent on
nutritional status and the presence of deficiencies [84].

When interpreting the available evidence regarding nutritional interventions, it should
be recognised that most clinical studies have been conducted in community-dwelling older
adults with relatively preserved functional capacity. Consequently, the effectiveness of nu-
tritional strategies may vary according to baseline nutritional status, functional capacity and
the burden of comorbidities. Future studies should therefore include more heterogeneous
and clinically vulnerable populations to strengthen the evidence base and improve the
generalisability of current nutritional recommendations for older adults with sarcopenia.

It therefore appears that, in the context of sarcopenia, a holistic approach is key,
combining an appropriate diet rich in protein, micronutrients and antioxidants with the
judicious use of supplements such as creatine or probiotics, alongside regular physical
activity, particularly resistance training. Such a combination may maximise anabolic
effects, reduce oxidative stress and modulate inflammation, which translates into better
maintenance of muscle mass, strength and physical function in older adults. A summary
of the potential of vitamins and minerals in the prevention and treatment of sarcopenia is
presented in Table 4.

3.5. The Potential of Herbs and Plant Compounds in the Prevention and Treatment of Sarcopenia

However, it should be emphasized that the level of evidence for plant-derived com-
pounds remains substantially lower than that for resistance exercise and adequate protein
intake, which constitute the cornerstone of sarcopenia management.

In recent years, there has been growing interest in the use of bioactive plant compounds
as potential agents supporting muscle homeostasis. In contrast to the well-documented
role of protein or vitamin D, data on herbs and phytochemicals remain limited, though they
are steadily expanding. Among plant-derived compounds, the strongest clinical evidence
currently supports curcumin, whereas evidence for most other phytochemicals remains
limited and is largely based on preclinical studies.

One of the best-studied plant compounds in the context of sarcopenia is curcumin, the
main polyphenol extracted from Curcuma longa.

Among plant-derived compounds, curcumin, the main polyphenol extracted from
Curcuma longa, is currently the most studied in clinical settings in the context of sarcopenia.
A randomised clinical trial involving older adults reported that 12-week supplementa-
tion with a bioavailable form of curcumin (Cureit™) significantly improved handgrip
strength and weight-lifting performance in a group of older adult patients compared with
placebo [76]. However, this finding is based on a single randomized clinical trial with
a relatively small sample size and therefore requires confirmation in larger studies. The
authors suggest that these mechanisms may result from anti-inflammatory effects and the
modulation of oxidative stress. A systematic review also highlighted the potential role of
curcumin in regulating NF-kB and AMPK pathways and mitochondrial function, although
it pointed to the need for further clinical trials with greater statistical power [77].
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Table 4. Summary of nutritional and lifestyle interventions for the management of sarcopenia in older adults.

Authors’ Overall Potential
Intervention As.sessment of Type of Evidence  Target Population Me.chamsm of Main Effects on Intervention Monitored Key References
Evidence Action Muscle Parameters
. - Targets
Consistency (¥)
Chang & Choo

Potential (2023.),[65];
svnereistic Kaminska et al.

Combined . Older adults with ynerg Muscle mass, (2023) [18]; Li et al.

) . Systematic . - Greatest support of muscle '

interventions . sarcopenia or at Synergistic . . muscle strength, (2024) [67];

) . reviews, A . . improvements in strength and - s .

(protein + leucine high risk (mainly ~ anabolic and ; . physical Whaikid & Piaseu

: LARAR%aA g% meta-analyses, . . muscle mass, physical function
+ resistance >60 years; anti-catabolic . performance, (2024) [68]; Zhang
- o consensus : strength and through combined )

training & vitamin community- effects ‘ . . inflammatory and et al. (2025) [69];

statements . physical function ~ anabolic and -

D/omega-3) dwelling) i anabolic markers ~ Tseng et al.
anti-inflammatory (2023) [22];
mechanisms Therdyothin et al.

(2023) [72]
. N Mechamcal . Greatest . DXA, BIA, grip Chang & Choo

Resistance training Meta-analyses, loading combined  improvements in . 2 (2023) [65];

. . Older adults > . ; . Counteracting strength, gait i
+ adequate protein = Yr¥eveveir systematic 60 vears with stimulation muscle mass, anabolic resistance  speed. phvsical Kamirska et al.
intake reviews, RCTs Y of muscle protein  strength and Er for/rrrzazce (2023) [18]; Liet al.
synthesis function P (2024) [67]
. Chang & Choo
High-quality Systematic Older adults with  mTOR activation, T muscle mass, T Mamtenance/ Muscle mass (2023) [65];
. . . . . muscle strength, increase of muscle (DXA/BIA/ 7,
protein (especially . reviews, sarcopenia or 1 muscle protein . . . . Kaminska et al.
. . PAQAG% A . improved function mass and strength; ultrasound), grip .
leucine-rich whey meta-analyses, age-related muscle  synthesis, | . . . . (2023) [18]; Li et al.
. . . . (especially with reduction of strength, physical
protein/BCAAs) clinical trials loss proteolysis RT) anabolic resistance  performance (2024) [67]; Jang
P etal. (2023) [66]
Older adults T phosphocreatine Lean body mass,
. . . stores, ATP Enhancement of .
Creatine + Meta-analysis and  undergoing . 1 lean body mass, . . muscle strength, Liu et al.
- .. LAR%gxa%s - .. regeneration, resistance-training -
resistance training RCTs resistance training . . 1 muscle strength . physical (2025) [73]
. 2 improved anabolic adaptations
or with sarcopenia . performance
adaptations
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Table 4. Cont.

Authors’ Overall Potential
Intervention As.sessment of Type of Evidence  Target Population Me.chamsm of Main Effects on Intervention Monitored Key References
Evidence Action Muscle Parameters
. - Targets
Consistency (¥)
(Vl;?nr?ilﬂD in Older adults with Calcium T muscle strength Fuentes-Barria
primarty . . o homeostasis, and physical Maintenance of Muscle strength, et al. (2025) [70];
deficient Narrative reviews, vitamin D . . . . .
e .. PAGAGAS .. . .. . mitochondrial function (mainly muscle function, balance tests, Kressel &
individuals or as clinical studies deficiency, frailty . A . . .
. . function, oxidative  in deficient fall prevention serum 25(OH)D Matsakas
part of multimodal Or sarcopenia - A
; . stress regulation individuals) (2023) [71]
interventions)
. . Muscle mass, limb
Older adults with ~ Anti- 1 muscle mass, 1 Enhancement of . Tseng et al.
Network . . . strength, physical
Omega-3 fatty Sedrse meta-analvsis sarcopenia or inflammatory muscle strength, anabolic response, erformance (2023) [22];
acids (EPA/DHA) nazysts, impaired muscle effects, enhanced  improved physical reduction of P ’ Therdyothin et al.
narrative review . L . . . . inflammatory
function anabolic signalling  function inflammation (2023) [72]
markers
.. 1 muscle strength
Ar}tlox}dants Older adults with | oxidative stress, ~ and physical . Muscle strength,
(vitamins C, E, . . . . Reduction of . Wang et al.
- TR Meta-analysis sarcopenia or at mitochondrial performance o physical
carotenoids, . . . . oxidative stress (2025) [79]
risk protection (particularly with performance
polyphenols) .
exercise)
Older adults Improvement of Besora-Moreno
. >60 years Gut-muscle axis 1 muscle strength,  physical Grip strength, gait
. Meta-analysis of . . . . . et al. (2025) [74];
Probiotics PAgAaks (community and modulation, | T physical performance via speed, physical ..
RCTs - . . . . Handajani et al.
clinical inflammation performance microbiome performance (2024) [75]
populations) modulation )
Possible
. Review and Gut-muscle axis improvement in Modulation of gut ~ Physical Besora-Moreno
Prebiotics o limited RCTs Older adults modulation physical microbiota performance et al. (2025) [74]
performance
Vitamin B12 -
. Lower deficiency .
(correction of . . Correction of . .
. . . Neuromuscular associated with - Serum vitamin .
deficiency; Prospective and Older adults with ) . deficiency, Choi et al.
. . . . . function, lower sarcopenia . B12, muscle
evidence mainly PASKS observational vitamin . . . maintenance of (2023) [81]; Zhao
. . . homocysteine risk; limited strength, muscle
observational for studies B12 deficiency . . neuromuscular et al. (2024) [82]
. metabolism evidence for . mass
sarcopenia . function
. supplementation
prevention)
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Table 4. Cont.

Authors’ Overall Potential
Intervention As.sessment of Type of Evidence  Target Population Me.chamsm of Main Effects on Intervention Monitored Key References
Evidence Action Muscle Parameters
Consistency (¥) Targets
. Positive r . .
Vitamin N Clinical . Middle-aged and Homocysteine associations with Idept.lflcatlon of Serum vitamin Zhao et al.
. PAge observational . deficiency-related  B12, muscle mass,
B12 biomarkers . older adults metabolism muscle mass and . (2024) [82]
studies strength risk muscle strength
Mlcroputnent— Poptlﬂatlon—based General adult Syr}erg.lshc J risk of . Prevention of Dietary Liu et al.
rich dietary DA studies opulation antioxidant and sarcopenia, T sarcopenia assessment, (2024) [78]
patterns (NHANES) pop metabolic effects muscle mass P muscle mass
Dietary vitamin
intake fnrzg%};lism | risk of low Prevention of Dietary intake Qiu et al
(population-based ¢3¢ NHANES analysis ~ Adults . muscle mass, 1 assessment, :
. homocysteine . . muscle loss . (2025) [80]
studies, e.g., regulation physical function muscle function
NHANES)
Calcium/Iron/ . Older adultswith Effects c}gpendent Inconsistent or Correction of Nutritional Ogawa et al.
N Systematic on nutritional . . .o (2024) [83]; van
Phosphorus/ A . heterogeneous inconclusive nutritional assessment,
. reviews . status and . Dronkelaar et al.
Potassium nutritional status . effects deficiencies muscle
deficiencies (2023) [84]
Amino acid
supply without
Isolated protein . . sufficient Small or Demonstrates' the Muscle mass,
. Systematic Older adults with . inconsistent need to combine
supplementation Py . L L. mechanical . . . muscle strength, Zhang et al.
- - LACRASA reviews and physical inactivity . improvements in supplementation -
(without resistance . : stimulus . . physical (2025) [69]
- meta-analysis and/or sarcopenia . muscle mass and ~ with resistance
training) (persistent . .. performance
anabolic function training
resistance)

Adopted evidence strength scale Yr¥r3r3rvr—very strong evidence, vr3vvr—strong evidence, %rw—moderate evidence, w3r—limited evidence, ¥v+—very limited or inconsistent
evidence. *—The star rating reflects the authors’ qualitative assessment of the overall consistency and quantity of the available evidence based on the reviewed literature. It does not
represent a formal evidence grading system or a systematic assessment of methodological quality or risk of bias.
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There is also a growing body of evidence regarding plant polyphenols in the broadest
sense. A systematic review and meta-analysis of clinical trials assessed the effect of polyphe-
nol supplementation on sarcopenia parameters in older adults. A moderate improvement
in muscle mass indices was observed, while the effect on muscle strength remained in-
conclusive [85] (Medoro et al.). The authors suggest that the action of polyphenols may
be linked to a reduction in chronic low-grade inflammation and an improvement in mito-
chondrial function, which is of particular significance in the pathogenesis of age-related
sarcopenia. Flavonoids and other specific polyphenolic compounds, including catechins,
ellagic acid and fisetin, represent promising candidates for the prevention of sarcopenia
due to their antioxidant and anti-inflammatory properties and their ability to modulate
cellular signalling pathways involved in muscle metabolism [86,87]. However, the current
evidence is largely preclinical and requires confirmation in well-designed randomised
clinical trials [88,89].

Promising results have also been reported for traditional Chinese medicine. A re-
cent meta-analysis of randomized clinical trials suggested that traditional Chinese herbal
medicines were associated with improvements in muscle mass, handgrip strength, and
physical function, including SPPB scores, in older adults with sarcopenia [88]. However,
the included interventions were highly heterogeneous and often multimodal in nature,
whilst the methodological quality of the included studies was variable. Therefore, these
findings should be interpreted with caution.

In summary, current evidence suggests that selected herbs and plant-derived com-
pounds, particularly curcumin and polyphenols, may support the prevention and manage-
ment of sarcopenia through their antioxidant and anti-inflammatory properties. Although
traditional Chinese herbal medicines have also shown promising results, the available
clinical evidence remains limited and heterogeneous. Consequently, robust conclusions
regarding their efficacy in older adults cannot yet be drawn. The available clinical evidence
remains limited, heterogeneous and of variable methodological quality. Future studies
should employ standardised plant preparations, uniform diagnostic criteria for sarcopenia,
and adequately powered randomised clinical trial designs to better establish their clini-
cal role. Overall, plant-derived compounds should currently be regarded as adjunctive
and experimental interventions in the context of sarcopenia, pending confirmation from
high-quality, adequately powered randomized clinical trials [89].

A summary of the potential of herbs and plant compounds in the prevention and
treatment of sarcopenia is presented in Table 5.
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Table 5. The potential of herbs and plant compounds in the prevention and treatment of sarcopenia.
Demographic Authors’ Overall
Ingredient/Herb Study Characteristics Type of Evidence Main Observed Propos‘ed Characteristics of 'Assessmen’f of
(Author, Year) Effects Mechanisms . Evidence Consistency
the Population *)
Dose: standardized
bioavailable curcumin
(Cureit™); fixed daily RCT: n =30
supplementation in RCT; e.g., Randomized | NF-B, | (15 curcumin,
500-1000 mg/day (where A 15 placebo);
placebo-controlled oxidative stress,
Curcumin (Curcuma reported) trial + narrative 1 grip strength, 1 AMPK modulation, healthy older
Duration: 12 weeks (RCT) . srip g, . ’ adults (elderly Yo Ve Ve vy
longa) . review (Varma et al. muscle performance improved -
Population: healthy older . . . population,
(2021) [76]; Gany et al. mitochondrial .
adults (~>60 years) (2023) [77]) function approximately
Comparator: placebo >60 years); 90-day
Main results: improved grip intervention
strength and physical
performance
Dose: heterogeneous across
included RCTs; dose varied . .
- . 7 interventional
across studies/not consistently L
reported studies included;
°P . 5 RCTs pooled in
Duration: variable . . . .
Systematic review and . Anti-inflammatory meta-analysis
(weeks—months) ) 1 muscle mass; effect . ..
Polyphenols : . meta-analysis of effect, improved (227 participants);
Population: older adults with . . on strength . . PARARAL
(overall) sarcopenia/pre-sarcopenia clinical trials (Medoro inconclusive mitochondrial adults > 50 years
p p P et al., 2024 [85]) function diagnosed with
Comparator: placebo or .
sarcopenia;
control .
. . predominantly
Main results: improved
. . older adults
muscle mass; inconsistent

effects on strength
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Table 5. Cont.
Demographic Authors’ Overall
Ingredient/Herb Study Characteristics Type of Evidence Main Observed Propos‘ed Characteristics of 'Assessmen’f of
(Author, Year) Effects Mechanisms . Evidence Consistency
the Population *)
Dose: not standardized
(preclinical + limited clinical
data)
Duration: not No original study
applicable/heterogeneous population;
Flavonoids Population: mainly . . Potential AMPK, SIRT1, ~ ©Vidence derived
. - experimental and animal Narrative review . . . . predominantly
(catechins, fisetin, improvement in mitochondrial PAG%¢
. models (Yoon et al., 2025 [86]) . . . from cell culture
quercetin) C ) anabolic parameters biogenesis .
omparator: control and animal models,
conditions in preclinical with limited
studies clinical studies
Main results: potential
anabolic and antioxidant
effects
Dose: heterogeneous herbal
formulations across RCTs .
. . . 17 randomized
Duration: variable; duration )
. controlled trials;
varied (4-24 weeks across 1440 particivants:
trials) Systematic review and Multifaceted recIljomin fntl ’
Chinese herbal Population: older adults with  meta-analysis of RCTs 1 muscle mass, T grip  anti-inflammatory P Y
] . adults > 60 years PG AeAd
formulas (TCM) sarcopenia (Zhang et al., strength, 1 SPPB and anabolic with diaenosed
Comparator: placebo or 2024 [88]) effects 5

standard care
Main results: improvements in
muscle mass, strength and
physical function

sarcopenia; studies
conducted mainly
in China
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Table 5. Cont.
Demographic Authors’ Overall
Ingredient/Herb Study Characteristics Type of Evidence Main Observed Propos‘ed Characteristics of 'Assessmen’f of
(Author, Year) Effects Mechanisms . Evidence Consistency
the Population *)
Dose: formulation-based
supplement (experimental)
Duration: preclinical exposure No human
Hebalblends 0 imal  Preciicalstudy T Acvationof - FEERRET
(Withania + Silybum P ' (Salvadori et al., _9¢8 ' Akt/p38 MAPK, Pete
+ Trigonella) models 2020 [39]) activation of anabolic mvogenin models and
& Comparator: control pathways yo8 experimental
experimental conditions animal studies
Main results: anti-atrophy and
anabolic pathway activation
Dose: not standardized
(review-level evidence) No original study
Duration: not applicable cohort;
Resveratrol Population: mixed preclinical Narrative review Potential summarizes
. . + limited human data : improvement in SIRT1, AMPK, preclinical studies
catechins (narrative . (Bagherniya et al., . . Yve
. Comparator: varies across endurance and antioxidant effects together with
reviews) 2022 [87])

included studies
Main results: potential
anti-inflammatory and
anti-atrophic effects

reduction of atrophy

selected clinical
trials in older
adults

Adopted evidence strength scale v¢vrvr¥r—moderately strong clinical evidence (>1 RCT + systematic review), srvr3v—limited but positive clinical data, sv¥r—mainly preclinical data or
small clinical trials. *—The star rating reflects the authors’ qualitative assessment of the overall consistency and quantity of the available evidence based on the reviewed literature. It
does not represent a formal evidence grading system or a systematic assessment of methodological quality or risk of bias.
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Among plant-based ingredients, curcumin appears to have the most robust clinical
evidence, with randomised clinical trials suggesting improvements in muscle strength.
Polyphenols as a group may have a modest effect on muscle mass; however, their effects on
muscle function and strength appear less consistent. In the case of Chinese herbal formulas,
the clinical data are positive, but their methodological heterogeneity limits the possibility
of a clear assessment of efficacy.

Most other phytochemicals (flavonoids, resveratrol, botanical blends) are based mainly
on preclinical data, indicating a need for further well-designed randomised clinical trials.

4. Technologies for Assessing Muscle Mass and Function

The assessment of muscle mass and function is crucial in the diagnosis of sarcopenia
and in monitoring the effects of physical and nutritional interventions in older adults.
Various methods are used in clinical and research practice, including DXA (Dual-energy
X-ray Absorptiometry), BIA (Bioelectrical Impedance Analysis), muscle ultrasonography,
and modern wearable devices (wearables). Each of these methods has specific advantages
and limitations, which influences the choice of tool depending on the purpose of the study.

Several international consensus statements have proposed diagnostic criteria for
sarcopenia, differing mainly in the recommended cut-off values, target populations, and
diagnostic algorithms. The EWGSOP2 criteria are currently the most widely used in
Europe, whereas the AWGS consensus provides population-specific thresholds for Asian
populations. The FNIH Sarcopenia Project introduced outcome-based cut-off values using
the ASM/BMI index, although these criteria are used less frequently in routine clinical
practice [90,91]. A comparison of the main diagnostic frameworks is presented in Table 6.

Table 6. Comparison of major diagnostic criteria for sarcopenia.

Criterion EWGSOP2 (2019) AWGS 2019 FNIH Sarcopenia Project
Target population European older adults Asian older adults North American population
- . SARC-F, calf circumference,
Initial screening SARC-F SARC-CalF none
Grip <27 kg men; <16 kg Grip <28 kg men; <18 kg . .
Muscle strength women OR Chair stand women OR Chair stand Grip <26v}/<§nr2§1nl <lokg
>15s >12s
Muscle mass ASM/height?> <7.0men; ~ ASM/height? < 7.0 men; ASM/BMI < 0.789 men;
<5.5 women (DXA) <5.4 women (DXA) <0.512 women
. Gait speed < 0.8 m/s, Gait speed < 1.0 m/s, SPPB . .
Physical performance SPPB < 8, TUG etc. < 9,551 > 12's Mainly used for severity

Diagnostic algorithm

Low strength — confirm
with low muscle mass —  Similar, adapted for Asians
severity by performance

Simultaneous low strength +
low muscle mass

Advantages Most Wldely used m Better adapted to Asmn Strong outcome-based cut-offs
Europe; simple algorithm body composition
. . . . Less commonly used clinically;
Limitations European cut-offs may not Mainly Vahdat?d in Asian ASM/BMI not routinely
apply globally populations measured

EWGSOP2—European Working Group on Sarcopenia in Older People 2; AWGS—Asian Working Group for
Sarcopenia; FNIH—Foundation for the National Institutes of Health; SARC-F—Strength, Assistance with walking,
Rise from a chair, Climb stairs, and Falls questionnaire; SARC-CalF—SARC-F combined with calf circumference
measurement; ASM—appendicular skeletal muscle mass; DXA—dual-energy X-ray absorptiometry; BMI—body
mass index; SPPB—Short Physical Performance Battery; TUG—Timed Up and Go test; 55TS—Five-Times Sit-to-
Stand test.
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4.1. DXA—Dual-Energy X-Ray Absorptiometry

DXA is recognised as the gold standard for assessing body composition, including
muscle mass. It enables the accurate determination of lean body mass on a segmental
basis for the upper and lower limbs, which is important in the diagnosis of sarcopenia.
The method is characterised by high repeatability and accuracy; however, its limitations
include the need for access to laboratory equipment and exposure to small doses of ionising
radiation [92].

4.2. BIA—Bioelectrical Impedance Analysis

BIA measures the electrical resistance of tissues in response to the flow of a low-
intensity current, which allows for the estimation of muscle mass and body hydration. It
is a quick, non-invasive and easy-to-use method, also available in the form of portable
devices. A limitation of BIA is its sensitivity to hydration status, body position and skin
temperature, which may affect the accuracy of the results [92,93].

4.3. Muscle Ultrasonography

Ultrasonography (USG) allows for the assessment of muscle thickness, cross-sectional
area (CSA) and echogenicity, providing information on muscle structure and quality. The
method is safe, non-invasive and suitable for use in outpatient settings. A limitation is the
requirement for operator experience and lower standardisation compared to DXA [94].

4.4. Wearables

Wearable devices, such as smartwatches and IMU sensors, enable the monitoring of
physical activity, step count, grip strength (in some models) and movement dynamics.
Their advantage lies in the ability to provide continuous monitoring in everyday life,
which allows for the assessment of functional muscle activity and sedentary behaviour. A
limitation is the lower precision in muscle mass measurements and the need to validate
measurement algorithms [95,96]. A summary of muscle mass measurement methods is
presented in Table 7.

Table 7. Summary of muscle mass measurement methods.

Method Author (Year) Parameter Advantages Limitations Appllcahor} m
Research/Training
Lo body s, Highacurayand 1, BTSN St g
DXA Lietal. (2024) [92] segmental muscle reproducibility, Jatory acce ;.
required, ionizing assessment of training
mass gold standard -
radiation effects
Lietal. (2024) [92]; Muscle mass, body  Fast, non-invasive, Sens1t1v.e to Popule}tlon studles,.
o hydration, monitoring changes in
BIA Juby et al. composition, water portable, .. .
. . temperature, body training or nutritional
(2023) [93] content inexpensive o - .
position interventions

Muscle ultra-

Yang et al.

Muscle thickness,

Safe, mobile,
muscle quality

Requires operator
experience, lower

Functional studies,
assessment of muscle

sonography (2025) [94] CSA, echogenicity assessment standardization adaptation after training,
local diagnostics
Perez-Lasierra i Physical activity, Monl‘torl'ng in Limited accuracy Ass'essment'o'f
movement daily life, functional activity,
wsp. (2024) [95]; . . of muscle mass, .
Wearables - dynamics, step continuous sedentary behavior,
Carrier et al. - . dependent on . .
count, grip function . effectiveness of lifestyle
(2025) [96] . algorithms . .
strength (optional) measurement interventions
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4.5. Assessment of Muscle Function in Older Adults

In addition to assessing muscle mass, it is equally important to assess muscle function,
which includes muscle strength, endurance, mobility and the ability to perform activities
of daily living—all of these parameters are crucial for the diagnosis of sarcopenia and
for evaluating the effectiveness of physical interventions. The literature recommends a
comprehensive approach combining measurements of strength, gait and functional fitness
tests, which are strongly correlated with the risk of falls, disability and the general health
of older adults [97].

4.5.1. Muscle Strength

The most commonly used indicator of muscle strength is handgrip strength, measured
using a hand dynamometer (e.g., JAMAR, Smedley) or a vigorimeter, which allows the
assessment of the ability to generate force in the upper limbs. The significance of handgrip
strength stems from its role as a simple predictor of muscle function and the risk of adverse
outcomes, including falls and mortality in the older adult population [98].

The grip strength test is particularly recommended in diagnostic guidelines for sarcope-
nia, often in combination with other functional tests, such as the 5-Repetition Sit-to-Stand
Test (5RSTS) or the Timed Up and Go Test (TUG) [92].

4.5.2. Mobility and Physical Fitness Tests

An assessment of muscle function usually also includes tests to evaluate mobility,
balance and walking speed:

e Timed Up and Go (TUG)—a test measuring the time it takes a person to stand up
from a chair, walk 3 m, turn around and sit down again; considered a simple and
reliable indicator of mobility and muscle function in older adults, as well as the risk of
falls [99].

e  Gait speed—a measurement of walking speed over a short distance (e.g., 4 m), widely
used as an indicator of general fitness and a predictor of adverse health outcomes; a
value below 0.8 m/s is generally considered to indicate reduced physical function [100]

e  Short Physical Performance Battery (SPPB)—a more comprehensive test combining
three components: balance, gait speed and 5-repetition Sit-to-Stand, which allows for
the assessment of overall lower body fitness [101]

4.5.3. Sit-to-Stand (STS)

The Sit-to-Stand test, particularly its five-rep version (5TSTS), is a recognised method
for assessing lower limb function and overall muscular endurance and rhythm in older
adults. Reviews have shown that a longer 5TSTS completion time correlates with poorer
lower limb function and overall physical fitness [102].

4.5.4. Isometric Strength of the Lower Limbs

In addition to standard tests, isometric knee extension strength measured using a
dynamometer is a recognised indicator of muscle strength in situations where standard
strength tests (e.g., grip strength) are difficult to perform. Studies have shown that this
measurement correlates well with other components of sarcopenia and may be useful in
diagnosis [103].

4.5.5. Other Methods and Indicators

In the context of a comprehensive assessment of muscle function, tools utilising
wearable devices (wearables/IMUs) and other balance tests are also being developed,
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which can be used to monitor gait quality, dynamic balance and activities of daily living in
natural settings [95].

5. Integration of Nutrition, Training and Technological Monitoring

Contemporary approaches to the prevention and treatment of sarcopenia involve com-
bining dietary and training interventions with monitoring technologies, with the aim of
improving muscle adaptation and potentially increasing participant engagement. Multicom-
ponent interventions encompassing both nutrition and physical activity may provide greater
benefits for muscle mass, strength and physical function compared with single-component
approaches, as suggested by recent meta-analyses and clinical trials [104,105].

5.1. Synergy Between Nutritional and Training Interventions

Systematic reviews and meta-analyses indicate that combining amino acid/leucine/
protein supplementation with resistance training can significantly improve measures of
strength and muscle function in older adults with sarcopenia, compared with training or
supplementation alone.

A meta-analysis by Xie et al. (2026) [105] comprising 9 RCTs showed that resistance
training with amino acid supplementation significantly improves muscle strength and
function (handgrip strength, gait speed, SPPB, 5TSTS), but does not significantly affect
muscle mass indices.

In contrast, a network analysis by Yan et al. (2025) [106] involving 21 RCTs indicates
that the combination of training and protein supplementation yields the greatest benefits
for function (handgrip, gait speed) and for appendicular skeletal muscle mass, although
the effects on total muscle mass are more moderate.

A network analysis conducted by Yan et al. (2025) [106], comprising 21 randomised
controlled trials (1215 participants), showed that the combination of resistance training
and protein supplementation yielded greater benefits in terms of grip strength, gait speed
(both usual and maximal gait speed) and appendicular skeletal muscle mass compared to
training alone or supplementation alone in older women with sarcopenia [106].

In a 12-week, multicentre, randomised clinical trial by Sun et al. (2025) [107], an
intervention comprising a multi-component supplement (MT-ONS: protein, 3-hydroxy-§3-
methylbutyrate and vitamin D3) combined with a resistance training programme and home-
based activity led to significant improvements in grip strength, walking speed, functional
test scores (SPPB and chair-stand) and quality of life in older adults with sarcopenia
compared with the control group. Because vitamin D was administered as part of a multi-
component intervention together with protein, HMB and resistance training, the specific
contribution of vitamin D to the observed benefits cannot be determined. Therefore, the
reported improvements should be interpreted as the effect of the combined intervention
rather than of vitamin D supplementation alone.

These results suggest that the combination of nutrition (amino acid/protein sup-
plementation) and resistance training may offer greater benefits in the comprehensive
treatment of sarcopenia, particularly in terms of physical function and muscle strength,
than the use of either of these elements alone. This is presented in Table 8.
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Table 8. Combined interventions in the prevention and treatment of sarcopenia: resistance training with nutritional supplementation and monitoring of muscle

function.
Combined . Demogr;ilphlc Mechanism of Effects on Potentlerl Monitored
. Type of Evidence  Characteristics of the . . Author (Year) Intervention
Intervention . Action Muscles/Function Parameters
Evidence Targets
Older adults with
sarcopenia or .
. . age-related muscle =~ mTOR activation, 1 T grip .strength, T Maximizing .
Resistance training . . . walking speed, Grip strength,
. . . . decline; protein synthesis, | . . muscle strength .
+ amino acid Systematic review . . ) improved SPPB Xie, Yan & Tao . walking speed,
) community-dwelling proteolysis, . and function,
supplementa- + meta-analysis and dlinical stimulation of scores, | time in (2026) [105] improvin SPPB, 5x
tion/leucine . the 5x Sit-to-Stand proving Sit-to-Stand
populations; muscle strength test mobility
predominantly
>60 years
Older women with
sarcopenia or low
muscle mass; . .
. . postmenopausal and - 1 grip strength, 1 .Comprehensn./e an. strength,
Resistance training Synergistic ) improvement in walking speed,
. Network elderly female : walking speed Yan et al. . :
+ protein . . anabolic and strength, function, appendicular
. meta-analysis populations; . (usual and max), 1 (2025) [106]
supplementation intervention trials adaptive effects limb muscle mass and muscle mass skeletal muscle
. . in older women mass (DXA/BIA)
comparing exercise
and supplementation
strategies
Resistance training dglistjlig;h Grip strength
+ multi-component Multicentre sgrco enia: Enhancement of 1 grip strength, Improvement in walllzin S %e d/
supplementation randomized penia; the anabolic walking speed, physical function, & speed,
. X community-based . . Sun et al. . . SPPB, physical
(protein + HMB + controlled trial . muscle response, improvement in quality of life, and . .
o multicentre sample; : . . (2025) [107] i, function, quality of
vitamin D3) + (12-week structured exercise + reduction of physical function body composition life
household intervention) ue catabolism and quality of life indices . .
activitios nutrition program; (questionnaires)

~12-week follow-up
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5.2. The Role of Technology in Monitoring Responses to Interventions

Modern technologies for monitoring physical activity offer new possibilities for assess-
ing the effectiveness of exercise and dietary interventions in older adults with sarcopenia
or at risk of developing it [41]. Wearable devices such as smartwatches, activity trackers
and IMU sensors enable continuous monitoring of activity levels, including step count,
walking intensity, sitting time and functional parameters, which can support participants’
adherence to the programme and provide data on the body’s response to interventions in
everyday conditions, outside the laboratory [108].

Research findings suggest the importance of wearable technology in improving pa-
rameters related to muscle mass and function in older adults. Wu and Manga (2025) [41]
conducted a randomised controlled trial in which a 12-week walking programme sup-
ported by wearable devices significantly increased muscle mass, grip strength and lower
limb function compared to the control group. Devices such as smartwatches and fitness
trackers (e.g., Garmin Vivosmart HR, Apple Watch) provided participants with real-time
feedback and monitored steps and activity intensity, which helped improve training and
physical outcomes in older adults [41].

Similar results are reported in the study by Ho et al. (2024) [108], which used an
activity tracker as part of a strategy to gradually increase daily step counts among older
adults. After an 8-week intervention, participants wearing a tracker with step targets
showed improvements in indicators related to sarcopenia, such as overall physical activity,
muscle mass index and muscle strength, compared to the control group.

Furthermore, wearable technologies and digital platforms are increasingly described
in research as tools supporting the customisation of home workouts and the remote moni-
toring of activity. An example is the description of the ‘GYM—Grow Your Muscle’ digital
platform, which combines a mobile app, video exercises and a wearable device to collect
data on muscle activity and heart rate, enabling remote monitoring of the progress of a
home exercise programme in people with sarcopenia [109].

Furthermore, the literature indicates a growing interest in the use of sensors to assess
gait parameters and other functional indicators, which may be helpful in evaluating re-
sponses to interventions. A study conducted by Shin et al. (2025) [110] analysed various
gait parameters (such as double support time, vertical oscillation, cadence, stride length)
recorded using wearable sensors and found significant associations with limb muscle
mass, grip strength and functional test results (SPPB, 5-repetition Sit-to-Stand) in older
adults [110].

Research into the use of mobile apps and telerehabilitation in sarcopenia is ongoing. A
protocol has been published for a randomised trial evaluating real-time multicomponent re-
mote rehabilitation compared with self-rehabilitation in older adults with sarcopenia [111],
indicating a growing interest in integrating technology with training interventions and
monitoring of muscle function. Although the results of this RCT have not yet been pub-
lished, there are specific studies suggesting the effects of telerehabilitation based on mobile
applications. A randomised study by Zhang et al. (2025) [112] showed that a 4-week,
mobile app-based telerehabilitation programme, comprising resistance exercises, improved
muscle strength, balance and functional ability in older adults with sarcopenia in a manner
comparable to traditional in-person rehabilitation [106]. Furthermore, studies such as that
by He et al. (2024) [113] indicate that remote training programmes utilising Al for posture
analysis (3D human pose estimation) may be as effective as traditional methods, highlight-
ing the potential of advanced technologies in monitoring and implementing interventions
for older adults with sarcopenia.

In summary, technologies for monitoring muscle activity and function—in particular
wearable devices and digital applications—are a valuable tool in the assessment and
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optimisation of exercise and nutrition programmes for older adults, providing real-time
data and improving adherence to recommendations. Their use can contribute to more
personalised and effective support in the prevention and treatment of sarcopenia. A
summary of examples of the use of wearable technologies and apps in monitoring exercise
and nutrition interventions in older adults is presented in Table 9.

Table 9. Examples of the use of wearable technology and apps in monitoring exercise and dietary

interventions in older adults.

Type of Inter- Parameters . Comments/
Author (Year) vention/Device Monitored Population Outcomes Application
Walking Number of steps, Improvement in .
Wi & Manga Program + smart-  walking intensity, Older adults muscle mass, :/Zgla_ fc?rzlee fz g;:celf
(2025) [ 41% " watches/Garmin  muscle mass, grip with grip strength, adherence !
Vivosmart HR,  strength, lower limb sarcopenia and lower limb monitorin
Apple Watch function function &
Step count, dail Increased
Gradual increase pc s dary . . activity, Motivation for daily
Ho et al. . activity, muscle Seniors at risk . ..
in step count + . . improved activity, progress
(2024) [108] .. mass index, muscle  of sarcopenia .
activity tracker muscle strength tracking
strength
and mass

Remote progress

GYM_GrOV,Y Heart rate, exercise ~ Older adults monitoring, Integration into
Bonato et al. Your Muscle . . .
duration, muscle with improved home workouts,
(2024) [109] platform (app + L . .
activity sarcopenia program real-time feedback
wearable)
adherence
Gait parameters: Correlation of
double support time, ait parameters Assessment of
Shin et al. Wearable sensors cadence, step length, Older adults & wi’gl muscle physical function
(2025) [110] (IMU) vertical oscillation; mass and and intervention
SPPB, 5xSTS, 55 ¢ effectiveness
function
muscle mass
Improvements in
Tele- strength, balance, L.
Zhang et al. rehabilitation Muscle stl"er}gth, Seniors with and ADL Remote momF OTing
balance, activities of . and exercise
(2025) [112] program + daily living (ADL) sarcopenia comparable to sidance
mobile app y & traditional &
rehabilitation
Posture and Results Advanced
He et al. Al +3D human  movement analysis, Older adults comparable to monitoring of
(2024) [113] pose estimation exercise form traditional training quality and
assessment programs safety

Despite these promising findings, several limitations should be acknowledged. Most
studies evaluating wearable devices and telerehabilitation in older adults with sarcope-
nia have been of relatively short duration, typically ranging from 4 to 12 weeks, limiting
conclusions regarding long-term adherence and sustainability of clinical benefits. Further-
more, the algorithms used to estimate physical activity, gait characteristics, and functional
performance continue to evolve and require further validation, particularly in frail older
populations with altered gait patterns and functional impairments. Therefore, although
wearable technologies represent valuable adjuncts for monitoring interventions, addi-
tional large-scale longitudinal studies are needed before their routine implementation in
clinical practice.
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An important aspect emerging from the available evidence is the demographic pro-
file of the populations included in the analysed studies. Most clinical trials evaluating
nutritional and exercise interventions were conducted in community-dwelling older adults
who were generally relatively well-functioning. In contrast, institutionalised older adults
and individuals with multiple comorbidities remain substantially underrepresented in
clinical research. Moreover, although large population-based studies, such as NHANES,
provide valuable epidemiological data, their findings cannot be directly extrapolated to
intervention studies conducted in patients with clinically diagnosed sarcopenia. These
differences should be considered when interpreting the available evidence, as the response
to nutritional and exercise interventions may depend on baseline functional status, co-
morbidity burden and inflammatory state. Future studies should therefore include more
heterogeneous and clinically vulnerable populations to improve the generalisability of
current recommendations.

6. Strengths and Limitations

This review provides a comprehensive overview of the current state of knowledge
on sarcopenia, covering its pathophysiology, diagnosis, nutritional strategies, physical
activity-based interventions, and the role of modern technologies in supporting diagnosis
and treatment. A key strength of this work is its interdisciplinary approach to the subject
matter and the integration of the latest guidelines and research findings, which enables the
presentation of current management options in a way that is useful for both the scientific
community and clinical practice.

Despite its broad scope, this review has certain limitations. First and foremost, it is nar-
rative in nature, aiming to synthesise research findings from various fields. Consequently,
it does not involve the formal procedure of literature search, selection and evaluation char-
acteristic of systematic reviews. Accordingly, a formal assessment of the methodological
quality and risk of bias of the included studies was beyond the scope of this review.

Furthermore, the conclusions presented reflect the state of knowledge available at
the time of manuscript preparation. Given the rapid progress in research on sarcopenia
and the swift emergence of new data concerning diagnostics, nutritional interventions,
exercise programmes and digital technologies, some of the information presented may
require updating as new research findings are published.

When interpreting the results presented in this review, the limitations of the available
scientific evidence should also be taken into account. The data on dietary and technological
interventions for the treatment of sarcopenia remain heterogeneous. The included stud-
ies differed in terms of study design, sample size, the diagnostic criteria for sarcopenia
used, intervention protocols, follow-up duration and the endpoints assessed, which makes
it difficult to compare their results directly. Although randomised controlled trials and
meta-analyses provide valuable evidence regarding selected interventions, the level of
certainty of the available data varies depending on the intervention under analysis. Fur-
thermore, many intervention studies have primarily involved community-dwelling older
adults with relatively preserved functional capacity, whereas institutionalised older adults
and individuals with multiple comorbidities remain underrepresented in clinical trials.
Consequently, caution is warranted when extrapolating the available evidence to these
more vulnerable populations. Furthermore, most studies on wearables and telerehabilita-
tion were short-term in nature, and the algorithms used still require further validation. In
addition, older people with multiple comorbidities, such as chronic kidney disease, heart
failure or advanced liver disease, remain under-represented in clinical trials, which limits
the ability to formulate clear recommendations for these patient groups.
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The scope of this study covered a broad spectrum of issues related to sarcopenia;
consequently, certain areas—such as a detailed analysis of specific dietary strategies, specific
training protocols or the validation process for digital solutions—have been discussed in
summary form. Overall, this review provides a comprehensive synthesis of the current
evidence and may serve as a valuable resource for clinicians and researchers, as well as a
basis for future research on the diagnosis and management of sarcopenia.

7. Summary

Sarcopenia is a significant public health issue in ageing populations, leading to a
decline in physical function, an increased risk of falls and hospitalisation, and a reduced
quality of life. Its pathogenesis is multifactorial and involves the interaction of chronic
low-grade inflammation (inflammaging), hormonal disturbances, insulin resistance, mito-
chondrial dysfunction, low physical activity and nutritional deficiencies. These mechanisms
do not operate independently but interact dynamically throughout the ageing process, con-
tributing to an imbalance between muscle protein synthesis and degradation and partly
explaining the heterogeneity of clinical presentation and response to interventions observed
among older adults. Importantly, chronic low-grade inflammation appears to play a dual role
in sarcopenia: it contributes to disease development while also being further amplified by
progressive muscle loss and reduced physical activity, creating a self-perpetuating cycle that
may be interrupted through appropriately targeted exercise and nutritional interventions.

Current evidence suggests that resistance training combined with adequate protein
intake represents the most consistently supported strategy for the prevention and treatment
of sarcopenia. Additional nutritional components, including leucine, vitamin D and omega-
3 fatty acids, may provide supportive benefits; however, evidence for additive effects
beyond resistance training and adequate protein intake remains limited.

Recent systematic reviews and meta-analyses suggest that combining resistance train-
ing with protein or amino acid supplementation is more effective than single-component
interventions. A network analysis conducted by Yan, Huang, Zhong and Du (2026) [106]
suggests greater effectiveness of combined interventions that combining resistance train-
ing with protein supplementation appeared more effective than using these interventions
separately in terms of improving grip strength, walking speed and limb muscle mass in
older women. Similar observations were reported by Xie, Yan and Tao (2026) [105], whose
meta-analysis showed that adding amino acid supplementation to resistance training was
associated with improvements in grip strength, walking speed and the results of functional
tests, such as the Short Physical Performance Battery and the Five Times Sit-to-Stand test,
with the synergistic effect being more pronounced in relation to functional parameters than
to muscle mass alone.

A growing body of evidence also points to the potential role of other bioactive com-
pounds, including creatine, antioxidants, probiotics and selected plant compounds (e.g.,
polyphenols or curcumin); however, their use requires further research, particularly in the
elderly population with diagnosed sarcopenia.

Modern approaches increasingly focus on the development of diagnostic and moni-
toring methods for sarcopenia. Techniques such as DXA, BIA and ultrasound enable the
assessment of muscle mass and quality, whilst wearable devices allow for the continuous
monitoring of physical activity and muscle function in everyday life. The integration of
these tools with exercise and nutritional interventions, may support more precise, person-
alised care, and ongoing assessment of treatment effectiveness. The results of primary
studies are consistent with finding of systematic reviews, as exemplified by the study by Wu
and Manga (2025), in which a 12-week walking programme was associated with increased
muscle mass and grip strength, and devices providing feedback likely enhanced engage-
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ment by wearable technology contributed to increased muscle mass and grip strength,
and devices providing feedback likely increased engagement with the programme [41].
Similarly, Ho et al. (2024) demonstrated that integrating activity trackers into strategies
for increasing step counts can enhance physical activity levels and improve markers of
muscle mass and strength [108]. Telemonitoring and telerehabilitation are becoming key
elements of modern practice, as suggested by Zhang et al. (2025), who reported improve-
ments in balance and muscle strength following the use of a mobile app [112], and by
He et al. (2024), who found that remote training programmes based on 3D human pose
estimation technology and artificial intelligence may achieve outcomes comparable to those
of traditional rehabilitation [113]. Furthermore, research by Shin, Kweon and Choi (2025)
suggests significant correlations between gait parameters recorded by wearable sensors
and muscle mass, as well as functional test results, indicating a potential role for these
sensors in assessing response to intervention [110].

Despite a relatively high degree of consistency in reported improvements of consis-
tency in the results regarding improvements in physical function, a comparative analysis
reveals inconsistencies regarding the impact on muscle mass, which may be partly ex-
plained by the short duration of the intervention and differences in protein dosage and
training intensity. Research gaps include the lack of large-scale studies simultaneously
integrating nutritional, training, technological and behavioural components, as well as
insufficient assessment of the cost-effectiveness of wearable systems and the absence of
long-term follow-up exceeding one year. It should be noted, however, that standard recom-
mendations regarding high protein intake (>1.2 g/kg body weight/day) and resistance
training are not universal and require particular attention in patients with chronic kidney
disease (CKD), liver failure or heart failure. In the case of CKD, the nutritional strategy
should be adapted to KDIGO guidelines to avoid accelerating disease progression, whereas
in patients with liver cirrhosis, the intervention must prevent muscle mass loss whilst
monitoring the risk of encephalopathy.

These limitations also apply to exercise, as some patients are unable to perform
traditional resistance training due to pain or reduced physical capacity, making wearable
technologies and alternative methods—such as neuromuscular electrical stimulation or
isometric training-key supportive tools. Ultimately, the management model for sarcopenia
appears to require a flexible approach aimed at maintaining function and slowing of
disease progression, whilst taking into account the patient’s individual metabolic and
functional limitations.

In summary, available evidence suggests that effective prevention and management of
sarcopenia likely require a holistic approach combining physical activity, a well-balanced
diet and modern monitoring technologies. Future research should focus on optimising
integrated intervention models and identifying the most effective therapeutic strategies
tailored to the individual needs of older adults.

Overall, the strength of evidence varies substantially across interventions, with resis-
tance training combined with adequate protein intake supported by the most consistent
effects on muscle strength and physical performance, whereas other nutritional supple-
ments, pharmacological adjuncts, and plant-derived compounds show heterogeneous and
generally lower-certainty evidence, particularly regarding long-term clinical outcomes in
older adults with sarcopenia.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app16147338/s1, Table S1: Database-specific search strategies
and literature search timeframes.
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