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Abstract
Sarcopenia, the progressive loss of skeletal muscle mass and function, represents a major public health concern due to its 
impact on mobility, independence, and quality of life, especially in oldadults. Current treatment strategies primarily rely 
on resistance training and nutritional support, with particular emphasis on adequate protein intake to stimulate muscle 
protein synthesis. In this review, we provide an overview of the pathophysiology of sarcopenia, with a focus on the 
molecular mechanisms underlying muscle atrophy and dysfunction. We explore the role of dietary protein as a cornerstone 
of sarcopenia management, highlighting current evidence on optimal protein sources and intake strategies. In addition, we 
examine other nutritional interventions, placing special emphasis on polyphenols, naturally occurring compounds known 
for their antioxidant and anti-inflammatory properties, which have shown promise in modulating pathways relevant to 
muscle preservation. Vitamin D and other nutritional supplements are also discussed in the context of their potential to 
support muscle health. Finally, we address emerging trends in the field, including targeting microbiota. By integrating 
current findings, this narrative review aims to provide a compilation of the evidence-based nutritional interventions for 
the prevention and management of sarcopenia.
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Introduction

Sarcopenia is “a progressive and generalised skeletal 
muscle disorder involving the accelerated loss of skeletal 
muscle mass and function“ [1], primarily affecting age-
ing populations.It is recognised as a distinct diagnosis in 
the International Classification of Diseases, 10th Revi-
sion, Clinical Modification (ICD-10-CM) since 2016 
[2]. Sarcopenia is classified as primary when age-related 
decline is the sole cause, and secondary when associated 
with underlying diseases or conditions [3]. There is no 
consensus regarding the relative prevalence of both types 
because it depends on several factors, and most studies 
do not differentiate between them [1, 2]. The prevalence 
of sarcopenia varies depending on the population studied, 
the diagnostic criteria used, and the geographical location 
[1, 2]. Thus, accurately describing its distribution is chal-
lenging due to variations in operational definitions, which 
result in widely differing prevalence estimates. Prevalence 
tends to be higher when sarcopenia is defined solely by 
low [1–3]lean mass compared to definitions incorporating 
muscle strength and physical function [1–3]. An earlier 
review pooling data from 58 study populations across 26 
countries found prevalence estimates between 10% and 
40%, depending on the definition used [4]. Even the most 
conservative estimates indicate that 5–10% of the general 
population is affected, with prevalence increasing sig-
nificantly with age, particularly among older institution-
alised populations. Longitudinal studies further highlight 
sarcopenia’s progression, with substantial proportions of 
older adults developing it over relatively short follow-up 
periods (e.g., 15% over 8 years in the English Longitudi-
nal Study of Ageing) [5]. Sex differences in sarcopenia 
prevalence are inconsistent, varying with the definitions 
applied. For instance, European criteria show a higher 
prevalence in men, whereas American criteria suggest a 
higher prevalence in women, and Asian criteria reveal 
no sex difference [2]. Regional differences in prevalence 
have also been observed, but these are difficult to sum-
marise due to limited data availability in certain regions 
(e.g., Africa) [3]. Global variations in sarcopenia’s com-
ponents, such as grip strength, could also be responsible 
for these discrepancies [6].

Diagnosis typically involves identifying reduced muscle 
mass and strength below standardised thresholds in the 
absence of other causes. It is associated with an increased 
risk of falls and fractures, loss of independence in daily 
activities, higher rates of hospitalisation, surgical compli-
cations and elevated morbidity and mortality. Understand-
ing its prevalence, aetiology, and impact is crucial for 
developing effective prevention and treatment strategies, 

particularly in the context of an increasingly ageing global 
population. Addressing sarcopenia is vital to mitigating its 
impact on public health, particularly in the context of an 
ageing global population [7, 8].

Sarcopenia is a multifactorial condition driven by age-
related processes such as neurodegeneration, hormonal 
changes, chronic inflammation, mitochondrial dysfunc-
tion, inadequate protein intake, and physical inactivity. 
Nutritional interventions are particularly promising in 
mitigating these effects, with protein quality and availabil-
ity being central to muscle structure and function. Beyond 
proteins, bioactive compounds, especially polyphenols, 
possess potent antioxidant and anti-inflammatory proper-
ties, yet their role in sarcopenia remains underexplored. 
This review summarises the key molecular mechanisms 
underlying sarcopenia. It also examines current evidence 
on the preventive and protective effects of polyphenols in 
combination with proteins. By linking these compounds to 
muscle structure and function, we highlight their potential 
as promising candidates for preventing age-related muscle 
decline.

To ensure a comprehensive and balanced overview of 
the current evidence, this review was developed in accor-
dance with the SANRA (Scale for the Assessment of Narra-
tive Review Articles) principles [9]. A structured literature 
search was conducted in PubMed/MEDLINE, Scopus and 
Web of Knowledge covering publications from January 2000 
to February 2025. The search strategy combined key terms 
and MeSH headings, including “muscle atrophy”, “oxi-
dative stress”, “inflammation”, “mitochondrial dysfunc-
tion”, “protein synthesis”, “IGF-1/Akt/mTOR”, “FOXO”, 
“NF-κB”, “MAPK”, “Wnt/β-catenin”, “sarcopenia” and 
“ageing”. To address the nutritional dimension, additional 
keywords such as “dietary protein”, “polyphenol”, “flavo-
noid”, “resveratrol”, “catechin”, “omega-3 fatty acids” OR 
“vitamin D” OR “probiotics” OR “exercise” OR “resis-
tance training” OR “myostatin” OR “gut microbiota” and 
“synergy OR interaction OR complex OR conjugate” were 
incorporated. The initial search identified 1,200 Titles, and 
abstracts were screened for relevance, prioritising studies 
addressing human populations or translational research 
with direct implications for ageing muscle physiology. 
Animal and mechanistic studies were also included when 
there was a lack of human studies. This process yielded 
approximately 250 core references, from which the most 
representative and high-quality studies were integrated to 
support a balanced and evidence-based discussion of cur-
rent and emerging therapeutic perspectives. Some addi-
tional references were retrieved through citation tracking, 
and AI-assisted language tools were used to support text 
refinement.
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Pathophysiology of sarcopenia

Due to the complexity of the aetiology of sarcopenia, under-
standing the intricate mechanisms underlying muscle atro-
phy, the roles of oxidative stress and inflammation, and 
the dysregulation of key molecular pathways is crucial for 
developing effective strategies to prevent and treat sarcope-
nia (summarised in Table 1).

Muscle atrophy mechanisms in sarcopenia

Muscle atrophy, characterised by reduced muscle mass and 
strength, is a key feature of sarcopenia. This complex pro-
cess results from an imbalance between protein synthesis 
and degradation, along with disruptions in cellular function, 
neuromuscular integrity, and metabolic regulation. Next, we 
summarise the most clearly defined mechanisms:

Imbalance between protein synthesis and degrada-
tion  Muscle mass is maintained by a balance between 
anabolic (protein synthesis) and catabolic (protein degrada-
tion) processes. Ageing and various pathological conditions 
disrupt this balance, shifting it towards increased protein 

degradation and reduced protein synthesis, ultimately lead-
ing to muscle atrophy [33]. The IGF-1/Akt/mTOR signal-
ling pathway, crucial for muscle protein synthesis, becomes 
less sensitive to stimuli like leucine intake and exercise in 
the elderly, impairing the diet-induced enhancement of pro-
tein synthesis [34, 35].

Changes in myofibers  Sarcopenic muscle exhibits a reduc-
tion in the size and number of myofibers, particularly affect-
ing type II (fast-twitch) fibres. This preferential atrophy of 
type II fibres contributes to the decline in muscle strength 
and power observed in sarcopenia [36]. Additionally, intra-
muscular and intermuscular fat infiltration (myosteatosis) 
occurs, further compromising muscle quality and function 
[37].

Loss of proteostasis  Proteostasis, the maintenance of pro-
tein homeostasis, is crucial for proper cellular function. In 
sarcopenia, dysregulation of proteostasis leads to the accu-
mulation of misfolded and aggregated proteins, contribut-
ing to myofiber atrophy and impaired muscle function [38]. 
Impaired autophagy in aging leads to protein aggregate 
build-up, which further exacerbates muscle degeneration 
[39].

Denervation  The neuromuscular junction (NMJ), the inter-
face between motor neurons and muscle fibres, plays a criti-
cal role in muscle function. Aging-related changes in NMJ 
morphology and function lead to destabilization of the NMJ 
and subsequent denervation of muscle fibres. This loss of 
motor innervation contributes to muscle atrophy and func-
tional decline [40].

Dysfunctional satellite cells  The decreased activity of these 
primary muscle stem cells limits the body’s ability to replace 
or repair damaged muscle fibres, furthering atrophy [41].

Mitochondrial dysfunction  Mitochondria, the powerhouses 
of the cell, are essential for energy production and muscle 
function. In sarcopenia, mitochondrial integrity is compro-
mised, leading to reduced energy production, increased oxi-
dative stress, and impaired mitochondrial dynamics. The 
accumulation of damaged and dysfunctional mitochondria 
further exacerbates muscle atrophy [42].

Ionic dyshomeostasis  Proper calcium (Ca2+) signalling 
is critical for muscle contraction and relaxation. Ageing-
related disruptions in Ca2+ homeostasis impair muscle func-
tion and contribute to muscle atrophy [43].

Extracellular matrix dysfunction  Age-related remodelling 
of the extracellular matrix (ECM), the structural support 

Table 1  A summary of the pathophysiology of muscle sarcopenia and 
the protective effects of protein or polyphenols is described
Pathophysiology of Sarcopenia Protein 

protective 
effects

Polyphenols 
protective 
effects

Less responsiveness of IGF-1/Akt/mTOR 
signalling pathway

[10–12] [1, 13]

Increased FOXO activity [14] [15]
Activation of NF-κB [16]
Inhibition of Wnt signalling [17]
Dysregulation of MAPK signalling [18]
Atrophy of type II fibres [19] [20]
Destabilisation of the NMJ and subse-
quent denervation of muscle fibres

[21] [22]

Dysfunctional satellite cells [23] [24]
Alterations in ECM composition and 
structure

[25] [26]

Inflammaging [27] [13]
Oxidative stress [27] [28]
Myosteatosis
Mitochondrial integrity compromised [29]
Disruptions in Ca2+ homeostasis [30] [31]
Dysregulation of miRNA expression [32]
Loss of Proteostasis [33]
Legends: IGF-1, insulin-like growth factor 1; Akt, protein kinase 
B; mTOR, mechanistic target of rapamycin; FOXO, forkhead box 
O transcription factors; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells; Wnt, wingless/integrated signalling 
pathway; MAPK, mitogen-activated protein kinase; Type II fibres, 
fast-twitch skeletal muscle fibres; NMJ, neuromuscular junction; 
ECM, extracellular matrix
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Dysregulation of miRNA expression contributes to muscle 
atrophy in sarcopenia [50].

To prevent sarcopenia, interventions targeting these path-
ways, such as exercise, nutritional supplementation, and 
pharmacological approaches, may hold promise for preserv-
ing muscle mass and function throughout the lifespan.

Role of oxidative stress and inflammation in 
sarcopenia

Oxidative stress and inflammation are key pathological 
characteristics of skeletal muscle ageing and play a critical 
role in the development of sarcopenia.

Oxidative stress arises from an imbalance between the 
production of reactive oxygen species (ROS) and the ability 
of antioxidant defence mechanisms. With age, ROS produc-
tion increases while antioxidant capacity declines, leading 
to oxidative damage of cellular components like proteins, 
lipids, and DNA [51]. In skeletal muscle, oxidative stress 
contributes to mitochondrial dysfunction, impairs muscle 
regeneration, and activates protein degradation pathways 
[52]. Increased levels of ROS can suppress the phosphory-
lation of Akt, mTOR and downstream targets p70S6K and 
4E-BP1, which are key regulators of protein synthesis [45, 
53].

The low-grade inflammation in the elderly, referred to 
as “inflammaging,” has also been considered a hallmark of 
ageing and a contributor to sarcopenia [54]. Chronic inflam-
mation exacerbates sarcopenia by increasing the levels of 
pro-inflammatory cytokines, such as IL-6, IL-1, and TNF-
alpha, which leads to increased muscle protein breakdown. 
This inflammation-induced degradation disrupts muscle 
reparative processes [55].

The interplay between oxidative stress and inflammation 
is complex and synergistic. Oxidative stress can trigger the 
release of pro-inflammatory cytokines, while inflammation 
can further enhance ROS production. This creates a detri-
mental cycle that amplifies the effects on skeletal muscle, 
accelerating muscle atrophy. Considering both mechanisms, 
therapeutic strategies for sarcopenia may include exercise 
and potential antioxidant and anti-inflammatory therapies 
[56, 57].

Role of protein in sarcopenia

Anabolic resistance in skeletal muscle

Maintaining muscle protein content is essential to prevent 
sarcopenia. This is closely linked to the ability to enhance 
protein anabolism during feeding periods or after exercise, 
helping to counteract the increased protein breakdown that 

system of muscle tissue, also plays a role in sarcopenia. 
Alterations in ECM composition and structure affect mus-
cle fibre mechanics and contribute to muscle weakness and 
functional decline [44].

Molecular pathways involved in muscle atrophy

Moving towards a molecular level, several signalling path-
ways are implicated in the regulation of muscle mass and 
are dysregulated in sarcopenia. These pathways include:

IGF-1/Akt/mTOR pathway  This pathway is a major regu-
lator of protein synthesis and muscle hypertrophy. Activa-
tion of the IGF-1 receptor stimulates the phosphorylation 
of Akt, which in turn activates mTORC1, a key regulator 
of protein synthesis. In sarcopenia, the IGF-1/Akt/mTOR 
pathway becomes less responsive to anabolic stimuli, 
leading to reduced protein synthesis and muscle atrophy 
[34, 45].

FOXO transcription factors  FOXO transcription factors 
regulate the expression of genes involved in muscle protein 
degradation, autophagy, and antioxidant defence. During 
muscle atrophy, FOXO activity is increased, leading to the 
upregulation of genes that promote protein breakdown and 
inhibit muscle growth [46].

NF-κB signalling  This signalling pathway is a key mediator 
of inflammation. Activation of NF-κB leads to the produc-
tion of pro-inflammatory cytokines, which promote muscle 
protein degradation and impair muscle regeneration [47, 
48].

MAPK signalling  The MAPK family, including p38 MAPK 
and ERK1/2, are involved in regulating various cellular 
processes, including muscle differentiation, growth, and 
survival. Dysregulation of MAPK signalling contributes 
to muscle atrophy by promoting protein degradation and 
inhibiting protein synthesis [47].

Wnt/β-catenin signalling  The Wnt/β-catenin signalling 
pathway plays a critical role in muscle development, regen-
eration, and maintenance. Activation of Wnt signalling pro-
motes muscle cell proliferation and differentiation, while 
inhibition of Wnt signalling contributes to muscle atrophy 
[49].

In addition to these key signalling pathways, microRNAs 
(miRNAs), small non-coding RNA molecules, also play a 
role in regulating muscle mass. miRNAs can modulate gene 
expression by targeting specific mRNAs, thereby influencing 
muscle protein synthesis, degradation, and differentiation. 
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peripheral tissue distribution. The primary metabolic path-
way for AA is protein synthesis, although certain AA serve 
specific functions, such as glutathione synthesis, an essen-
tial intracellular antioxidant.

The dietary protein requirement, as defined by the Joint 
WHO/FAO/UNU Expert Consultation, is the minimum 
intake necessary to balance nitrogen losses and maintain 
body protein mass under conditions of energy balance and 
modest physical activity. The FAO recommends an intake 
for adults of 0.83 g/kg per day for protein [70, 71] close 
to the US Dietary Reference Intakes, which recommend an 
intake of 0.8 g/kg per day [72]A meta-analysis confirmed 
this recommendation, and subsequent studies reaffirmed 
that protein needs remain consistent regardless of age [73, 
74]. However, the recommendations were based on studies 
using the nitrogen balance method, which has some limita-
tions in the context of older individuals [75]. Considering 
the development of anabolic resistance and other abnormal-
ities in amino acid metabolism during aging, accumulating 
evidence supports that increasing protein intake to a range of 
1.0–1.2 g per kg per day should be recommended for adults 
older than 65 years. In fact, while the US RDA for protein 
remains at 0.8 g/kg/day for all adults, several national and 
international organisations such as the international study 
group (PROT-AGE Study Group) of the European Union 
Geriatric Medicine Society (EUGMS) recommend higher 
intake for older adults [74](summarised in Table 2). The 
needs could reach 2.0 g/kg per day in the presence of a 
chronic disease [76]. Additionally, older adults may need 
more sulfur-containing amino acids, especially if on long-
term medication [77, 78]. While no upper intake limits for 
amino acids are established due to limited data, protein 
intake recommendations are continuously updated based 
on evolving evidence. Despite variations, there is broad 
agreement on increasing protein intake in older adults, par-
ticularly those with sarcopenia or chronic illness, to support 
muscle health.

Effect of protein quality on skeletal muscle 
anabolism

Protein is a broad term encompassing a wide range of struc-
tures, each exhibiting distinct properties. Protein quality 
is an important concept that may provide a small but sig-
nificant impact on indices of muscle protein anabolism in 
young and older adults [86]. This issue will be discussed in 
the following section.

Protein quality criteria  Dietary protein quality depends on 
its iAA composition, as well as its digestibility and absorp-
tion by the body. The nutritional value of proteins depends 
on the bioavailability of their AA and their metabolic 

occurs during fasting, exercise, or both acute and chronic 
catabolic states. The dietary intake of proteins and/or amino 
acids (AA) plays a crucial role in stimulating protein syn-
thesis (PS) at both whole-body and skeletal muscle levels. 
However, this effect is highly dependent on factors such as 
energy availability, anabolic hormone levels, vasculariza-
tion, and overall health.

PS could be robustly evaluated in humans using the 
stable isotope technique. The magnitude of PS stimulation 
depends on the amount and quality of proteins, which influ-
ence the rise in plasma amino acid concentration [58–60]. 
The activation of PS in humans is dependent on hyperami-
noacidemia, notably that of indispensable amino acids(iAA) 
[61] and, in particular, branched-chain amino acids (BCAA) 
[61]. Accumulation of evidence obtained in human and ani-
mal studies has identified leucine as a major stimulating sig-
nal [62]. The process involved the coordinated regulation of 
several intracellular signalling pathways, notably the IGF-1/
PI3K/Akt/mTOR pathway, which leads to the stimulation 
of protein synthesis. This process is strongly influenced 
by the timing of nutrient intake, the presence and type of 
exercise, the concurrent intake of other anabolic nutrients, 
comorbidities (such as obesity) and the individual’s age. It 
has been observed that ageing reduces the ability of insulin 
and amino acids to effectively stimulate muscle PS in both 
human and animal models [10–12]. The anabolic effect of 
protein is also impaired with ageing during exercise [63] 
and obesity was found to further aggravate the effect of 
ageing in humans [64]Older individuals are often exposed 
to periods of inactivity due to hospitalisation or chronic 
diseases. These situations have been shown to accelerate 
muscle protein loss, as the increased rate of protein break-
down is not adequately compensated by protein synthesis 
due to anabolic resistance [65, 66]. The role of inflammation 
in anabolic resistance is also worth considering. Then, the 
‘inflammaging’ state has been linked to alterations in mus-
cle protein synthesis in some clinical studies, but the causal 
link between inflammation and anabolic resistance remains 
to be confirmed [67, 68]. Another aspect to be investigated 
to explain the development of anabolic resistance in old 
individuals is the potential role of satellite cells, as men-
tioned before [69]. 

 Dietary protein recommendations for older adults

Food provides proteins for whole-body protein-energy 
metabolism. Upon ingestion, proteins are broken down 
by stomach, pancreatic, and intestinal enzymes, releasing 
AA and small peptides, which are absorbed by the small 
intestine. Undigested proteins are used by the microbiota in 
the large intestine. AA enter the bloodstream via the portal 
vein for hepatic metabolism or through the cava vein for 
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lowest PDCAAS values (25%), due to low digestibility and 
deficiencies in essential amino acids. Beyond PDCAAS, the 
FAO introduced the Digestible Indispensable Amino Acid 
Score (DIAAS) in 2013, which considers digestible amino 
acid content and true ileal digestibility rather than faecal 
digestibility [71]. DIAAS provides a more accurate measure 
of amino acid absorption, excluding nitrogen contributions 
from gut microbiota. Both PDCAAS and DIAAS highlight 
the first limiting amino acid in proteins-sulfur amino acids 
in legumes and lysine in cereals. Deficiencies in iAA can 
limit protein synthesis and overall dietary protein quality. 
In addition to protein digestion extent, digestion speed also 
impacts protein’s nutritional value for humans [87, 88]. 
Studies classify proteins as ‘slow’ (e.g., casein) or ‘fast’ 
(e.g., whey) based on digestion kinetics [88]. Whey proteins 
are rapidly digested and absorbed, causing a quick but tran-
sient rise in blood amino acids, whereas caseins coagulate 
in gastric acid, leading to slower, prolonged absorption. 
Soy proteins are digested faster than casein but slower than 
whey, resulting in a lower postprandial muscle protein syn-
thesis response in healthy adults [89].

Effect of whey protein and the consequence of the food 
transition to more plant-based food  High-quality protein 
sources are necessary to sustain muscle mass during age-
ing. Dairy proteins, and specifically whey protein, are very 
potent for the stimulation of muscle protein synthesis due to 
their high digestibility and high leucine content. Indeed, in 
different cell types and tissues, the branched-chain amino 
acid leucine is a key nutrient regulator of translation ini-
tiation and can stimulate muscle protein synthesis [90]. In 
vulnerable populations such as older adults with sarcope-
nia, it has been suggested that increasing leucine intake may 
compensate for the blunted muscle PS to anabolic signals 
and the age-related decline in muscle mass [91].The benefi-
cial impact of whey proteins (i.e. the “fast” soluble protein 
fraction of milk proteins) has been demonstrated on muscle 
protein anabolism in the elderly population and also during 
exercise training in young subjects [92–94]. In young men, 
whey protein hydrolysate could induce a higher level of 
aminoacidemia compared with the free AA mixture provid-
ing the same amount of iAA [95], suggesting that a whole-
food concept should be considered [95].

The scientific community agrees that increasing the con-
sumption of plant-based foods is essential for transforming 
both our past and current food systems into more sustain-
able models. However, plant-based proteins have some 
limitations in terms of quality compared to animal sources, 
such as lower digestibility and deficiencies in certain iAA 
compared to animal proteins. Despite the same leucine 
intake compared to whey, a dairy/plant protein blend did 

utilisation for growth and protein turnover. In 1989, the 
FAO/WHO established evaluation parameters to assess pro-
tein quality [70].

The Protein Digestibility Corrected Amino Acid Score 
(PDCAAS) is a key indicator that combines true faecal 
digestibility and the chemical score, reflecting the lowest 
ratio of an iAA in a protein relative to human needs [70]. 
Animal-based proteins, such as meat, eggs, and dairy, gener-
ally have higher PDCAAS values than plant-based proteins 
like cereals and legumes. Most plant proteins have PDCAAS 
scores below 100%, indicating they do not fully meet essen-
tial amino acid requirements. Wheat gluten has one of the 

Table 2  Summary of protein recommendations
Objective Dose Organism/Country References
To support 
muscle function 
and prevent 
related diseases, 
as sarcopenic 
situations

1.0 to 1.2 g 
protein/kg 
body weight 
per day for 
healthy older 
adults (> 65 
years old)

European Society 
for Clinical Nutri-
tion and Metabolism 
(ESPEN) and the 
Society of Sarcope-
nia, Cachexia and 
Wasting Disorders 
(SCWD)
The international 
study group (PROT-
AGE Study Group) 
of the European 
Union Geriatric 
Medicine Society 
(EUGMS)

 [79–81]

In cases of severe 
illness, injury, or 
protein-energy 
malnutrition

2 g/kg per 
day

-  [76]

Over 70 years 
old

1.07 g/kg 
for men and 
0.94 g/kg for 
women

Australia and New 
Zealand

 [82]

Over 60 years 
old

1.0 g/kg France  [83]

Over 60 0.8 g/kg US  [72]
Old people 1.2 g/kg, cor-

responding to 
56–81 g/day 
for men and 
46–57 g/day 
for women

Nordic countries  [84]

- 15–20% of 
total energy 
intake

Nordic countries  [84]

10–35% of 
total energy 
intake

US  [85]

Individuals over 
60 years old

23% higher 
need for 
iAAs

France  [78]

To support 
muscle protein 
synthesis

2.5–2.8 g of 
leucine per 
meal

US  [85]
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stress and inflammation presents a promising approach to 
mitigating sarcopenia.

Antioxidant properties of polyphenols

The antioxidant properties of polyphenols stem from their 
aromatic rings and hydroxyl groups, which scavenge free 
radicals to generate resonance-stabilised phenoxyl radicals 
[101]. Moreover, polyphenols with catechol structures exert 
antioxidant effects by chelating transition metals like copper 
and iron, thereby regulating their role in oxygen metabo-
lism [102]. Several studies have shown that diverse poly-
phenols modulate regulatory enzymes directly implicated in 
the control of free radical production as cyclooxygenases, 
lipoxygenases, and specific antioxidant enzymes such as 
superoxide dismutase (SOD), catalase (CAT), and gluta-
thione peroxidase (GPx) [101]. It has also been shown to 
enhance endogenous antioxidants such as essential vitamins 
and increased plasma antioxidant capacity [1]. Derived 
from all these properties, there is the protection of cellular 
components, lipids, proteins, and DNA from oxidative dam-
age [1]. Specifically, a mitochondrial function preservation 
is observed with polyphenols, which could be considered as 
a key factor in preventing sarcopenia [1].

Myocytes are post-mitotic cells and particularly suscepti-
ble to oxidative damage [103]. Their high oxygen consump-
tion increases the production of mitochondria-derived ROS. 
Moreover, the absence of key antioxidant enzymes, such as 
peroxiredoxin 6 (Prdx6), increases oxidative stress, leading 
to telomere shortening and exacerbating muscle atrophy 
[104–106]. Polyphenols mitigate this damage through three 
mechanisms. First, they reactivate protein synthesis via the 
Akt/mTOR pathway [1]. Second, they protect satellite cells 
from ROS, ensuring continued muscle repair. Third, specific 
polyphenols like resveratrol activate SIRT1, a key regulator 
of cellular health and longevity [28].

Immunomodulation and preservation of muscle 
integrity

The anti-inflammatory properties of polyphenols have 
been shown mainly by two mechanisms. The inhibition of 
pro-inflammatory enzymes and related pathways. These 
compounds modulate the activity of enzymes such as cyclo-
oxygenase, lipoxygenase, and phospholipase A₂, and inter-
fere with intracellular pathways (NF-κB, MAPK, PI3K/Akt) 
that control cytokine expression [107]. Polyphenols help to 
rebalance immune responses by altering gene expression 
and reducing the release of pro-inflammatory cytokines, 
which is particularly important in the context of inflammag-
ing and chronic disease.

not restore a positive protein balance in a muscle-wasting 
situation in minipigs [96]. However, innovations in food 
processing have solved many issues about plant-based pro-
tein digestibility by the production of plant-based protein 
concentrates, isolates, and hydrolysates. As an example, the 
weaker postprandial muscle protein synthesis observed in 
response to the ingestion of hydrolysed wheat protein, com-
pared to whey or casein, could be compensated by increas-
ing the amount of protein ingested [97]. Furthermore, a 
rodent study suggested that the ingestion of multiple plant 
protein sources as legumes and cereals, could provide a 
more balanced amino acid profile and, thus, a great protein 
retention [98]. Not all plant-based proteins are deficient in 
iAAs; soy protein, for example, has been shown to stimulate 
muscle protein synthesis similarly to whey in young men 
during post-exercise recovery [99]. While dietary strategies 
based on plant proteins are promising, their effectiveness in 
stimulating postprandial muscle protein synthesis requires 
further investigation. Randomised control trials and long-
term studies are necessary to evaluate if the threshold and 
required amounts of proteins or iAAs are similar between 
plant-based and animal-based proteins.

Role of polyphenols in sarcopenia

Polyphenols are plant secondary metabolites that contrib-
ute to the colour, flavour, and astringency of many fruits, 
vegetables, and grains. Additionally, plants synthesise them 
to cope with environmental stressors like UV radiation and 
microbial attacks. Polyphenols are commonly classified into 
four main groups; (1) Flavonoids: the most abundant, found 
in grapes, apples, cocoa, soy, etc.; (2) Phenolic acids: pres-
ent in black tea, chicory, olives, and walnuts; (3) Lignans: 
abundant in sesame and olives; (4) Stilbenes: being resve-
ratrol is the most studied; found in grapes and red wine. 
Although numerous health benefits are linked to polyphe-
nol intake, no official dietary recommendations exist. Intake 
varies widely by population, ranging from 459 mg/day in 
Brazil to 1740 mg/day in Poland. This is partly due to the 
variability in their content across foods, influenced by fac-
tors such as climate, cultivation, processing, and storage. 
Moreover, health effects depend not only on intake but also 
on bioavailability, which is affected by chemical structure, 
food matrix, and interactions with gut microbiota.

Polyphenols are renowned for their significant antioxi-
dant and anti-inflammatory properties, among others [100], 
contributing to various health benefits, including muscle 
protection against age-related degeneration [100]. Since 
sarcopenia is strongly associated with oxidative stress and 
inflammation, polyphenols’ ability to combat oxidative 
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the placebo. Polyphenols increased skeletal muscle mass, 
indicating that the combination of exercise and polyphenols 
promotes muscle hypertrophy. However, no difference was 
observed between groups. Moreover, they increased bone 
density, without differences with the placebo group. Con-
cerning fitness test measurements, no difference or improve-
ment was observed in grip strength tests, nor in the chair 
rise test (an indicator of body muscle power). However, they 
improved agility and dynamic balance (2.4 m up and go test) 
and static balance (one-leg stand test) after a post-test period. 
Thus, there are some controversial results between studies 
which could be partly explained by the diversity of the struc-
tures considered, the limited number of studies developed 
and the different study approaches run in each one.

Resveratrol remains the most extensively investigated 
polyphenol for sarcopenia intervention. While evidence 
supports its therapeutic potential, outcomes are highly sen-
sitive to dosage, treatment duration, and lifestyle co-inter-
ventions. In this regard, data on muscle mass preservation 
are heterogeneous. High-dose supplementation appears 
necessary to elicit structural changes in specific models. 
In obese mice, 200 mg/kg of resveratrol increased skeletal 
muscle weight, whereas lower doses (100 mg/kg) primar-
ily targeted fat mass. Similarly, in senescence-accelerated 
mice, a dosage of 150 mg/kg combined with exercise sig-
nificantly reduced cell apoptosis and preserved fiber space, 
outperforming either intervention alone [112]Conversely, 
lower-dose or chronic regimens show limited efficacy. Jack-
son et al. observed no protective effect on muscle weight, 
mitochondrial content, or PGC1α levels in mice fed a 0.05% 
resveratrol diet for 10 months [113].

In another study, 25-week-old male rats were fed with 
a standard diet supplemented or not with resveratrol (150 
mg/kg BW/day) for 6 weeks. Resveratrol reduced body 
mass gain but had no gastrocnemius muscle indexes of 
the hindlimbs, nor on absolute grip strengths. However, it 
increased relative grip strength [114].

In a different study, 28-week-old male mice were fed 
with a control diet containing or not resveratrol (400 mg/kg 
diet). Resveratrol mitigated ageing-related motor dysfunc-
tion and skeletal muscle atrophy while restoring muscle 
protein acetylation and autophagy, indicating a suppression 
of sarcopenia [114].

In another experiment, 25-month-old male rats were 
assigned to the following groups: control, exercise-treated, 
resveratrol-treated (150 mg/kg BW/day) for 6 weeks, and 
exercise + resveratrol-treated. Exercise reduced body 
weight and increased relative grip strength similarly in all 
rats, as well as Edstrom’s Sarcopenia Index (gastrocne-
mius muscle weight (mg)/BW (g)). The sarcomere length, 
I-band length and H-zone length were higher in the con-
trol group, without differences among the other groups. 

Polyphenols preserve skeletal muscle function by bal-
ancing protein turnover. They suppress inflammatory medi-
ators that promote muscle protein degradation (e.g., via the 
ubiquitin-proteasome pathway) while enhancing anabolic 
signalling (Akt/mTOR), polyphenols help maintain muscle 
mass [13].

Polyphenols and muscle: evidence from animal and 
human studies

A population-based analysis of the National Health and 
Nutrition Examination Survey (NHANES) revealed that 
moderate dietary flavonoid consumption is linked to a lower 
risk of frailty in middle-aged and older adults [108]. Numer-
ous systematic reviews and meta-analyses have evaluated 
the impact of polyphenols on muscle pain and recovery 
following exercise in healthy adults. Findings suggest that 
consuming polyphenol-rich foods, juices, and concentrates 
enhances muscle function recovery and alleviates muscle 
soreness [108–110].In this line, curcumin supplementation 
also resulted in an improvement in handgrip strength [111] 
and muscle fatigue in clinical trials carried out with elderly 
subjects, with apparent loss of muscle strength [112]. Also, 
green tea-derived polyphenols, mainly catechins, have been 
shown to exert promising beneficial effects on sarcope-
nia. Specifically, green tea polyphenols improved muscle 
strength and performance in sarcopenic women [113]. Con-
sidering these results, polyphenols are important molecules 
that should be considered when discussing possible strate-
gies against muscle atrophy.

Studies with preclinical models to understand these 
effectsare scarce and show no clear effectiveness, at least at 
this moment. Mosoni et al. [109] analysed if supplementa-
tion for 6 months with chamomile extract rich in polyphe-
nols (20 g/kg diet) containing apigenin and rutin,, slowed 
down the loss of lean body mass during ageing in healthy 
old male rats. Polyphenols did not affect lean body mass 
or protein synthesis rates measured in vivo (gastrocnemius) 
and ex-vivo (epitrochlearis) indicating that these polyphe-
nols did not delay sarcopenia. Han et al. [110] studied the 
effect of another polyphenol-rich extract. In this case, melon 
peel (Cucumis melo L. var. makuwa) was administered for 3 
weeks after hindlimb-immobilizing 4-week-old male mice 
for 2 weeks. It was not effective in holding impulses. Soleus 
and gastrocnemius weights did not vary, nor did the expres-
sion of MyoD (soleus), implicated in myoblast proliferation 
and differentiation.

Regarding human studies, Kwon et al. [111] evaluated the 
effects of marine oligomeric polyphenols (72 mg/d) (from 
Phaeophyceae) administered for 4 weeks in sarcopenic 
adults (≥ 65 years) alongside exercise training. The authors 
compared the results before and after the treatment and with 
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Synergistic effects of protein and 
polyphenols

As previously described, the effects of protein intake and poly-
phenols have gained attention due to their ability to modulate 
key molecular pathways involved in muscle health [119].

However, all these nutritional strategies (polyphenols 
and proteins) have been separately considered, whereas 
little is known about the combined effects of nutraceuti-
cal supplementation with both polyphenols and proteins to 
further enhance the benefits of the nutritional intervention 
in the context of muscle loss and other pathologies related 
to sarcopenia. The combined intake of protein and poly-
phenols could offer significant benefits [120], improving 
polyphenol bioavailability and modulating the food pro-
tein structure leading to a significant reduction in its aller-
genicity and improving its digestibility [121–125]. In fact, 
binding polyphenols with proteins protects them from enzy-
matic and oxidative degradation, improves their stability 
during digestion, and consequently enhances their intestinal 
absorption [125, 126]. As an example, (-)-epigallocatechin 
gallate (EGCG) is commonly utilised for protein modifica-
tion to enhance its functional characteristics [121].

Similarly, and as mentioned, interactions between poly-
phenols and proteins can significantly enhance polyphenol 
bioavailability, targeted delivery and biological activity 
[125], which could enhance their actions on the muscle.

However, it is important to underline that traditional 
methods for preparing protein–polyphenol conjugates have 
serious drawbacks, such as low efficiency and long reaction 
times, which limit the large-scale commercial production 
and application of these functional components [127, 128]. 
Therefore, many studies have explored more efficient meth-
ods that can potentially replace the traditional techniques, 
such as ultrasounds methods with a very positive perspec-
tive according to the study from Yan et al. [127]. However, 
more research is needed to fully understand the physiologi-
cal effects and mechanisms of these interactions to refine 
engineering design of polyphenols.

Returning to the potential use of polyphenols and pro-
teins as a synergistic nutritional mechanism against sar-
copenia, only a recent study has observed that enhancing 
protein and polyphenol intake, through the supplementation 
of fermented black soybean koji product (BSKP) (polyphe-
nol-rich plant-based proteins) attenuated age-related sarco-
penia by inducing antioxidant enzymes and short chain fatty 
acids production via gut microbiota regulation in Taiwan´s 
community-dwelling elderly [129]. This study reported that 
BSKP supplementation significantly increased the appen-
dicular skeletal muscle mass index and reduced LDL lev-
els, which was one of the biomarkers for early diagnosis 
of sarcopenia [130]. These effects were associated with gut 

Moreover, rats fed resveratrol showed a higher perimeter 
of gastrocnemius fibres compared to the control group,, 
without differences among groups in Feret’s diameter. 
Thus, resveratrol and training improve skeletal muscle 
mass and muscle function [115].

Caloric restriction helps to slow down the age-related 
decline in muscle fibres by enhancing mitochondrial func-
tion and decreasing apoptosis. Given that, a study [116]
assessed the efficacy of caloric restriction (20% of energy), 
resveratrol (50 mg/kg BW/day), or the combination of both 
in 27-month-old male rats during 6 weeks [116]. Caloric 
restriction reduced BW, soleus and plantaris weights, and 
gastrocnemius weight decreased when combining caloric 
restriction and resveratrol. When muscle weights were 
adjusted for body weight, it was observed an increase in 
gastrocnemius in rats under caloric restriction (without res-
veratrol), in plantaris by the combination of both treatments 
and in soleus in all animals under caloric restriction. No 
changes in mitochondrial function were observed. To our 
knowledge, no studies have been carried out focused on the 
actions of resveratrol in aged female animals.

Moving on to clinical trials with old people, it has beeno 
demonstrated that resveratrol enhances muscle fatigue resis-
tance during exercise [117]. Particularly, a study from 2017 
[118]was carried out in 65–80 years-old healthy men and 
women who were randomly assigned to a group that received 
resveratrol (500 mg/d) (or not) together with exercise (resis-
tance and aerobic training) for 12 weeks [118]. Unfortunately, 
no differences between groups were observed in weight, lean 
mass or body fat. Regarding cardiovascular adaptations, there 
were no significant differences in absolute VO2 max between 
groups, but it was improved by exercise when combined 
with resveratrol (compared pre-and post-treatment). Muscle 
mitochondrial density and anti-apoptotic proteins were only 
increased in resveratrol-treated subjects. Concerning muscle 
strength and fatigue, only the combination of resveratrol and 
training increased knee extensor strength (peak torque, aver-
age peak torque and muscle power). In the case of power, 
the differences were significant between the two groups. 
These improvements could not be attributed to differences 
in muscle fibre type. However, resveratrol increased nuclear 
and satellite cell numbers (useful for muscle regeneration and 
hypertrophy) of exercised muscles. These results suggest that 
resveratrol in combination with exercise could mitigate or 
reverse sarcopenia in older adults.

To sum up, despite these promising functional data, out-
comes are highly sensitive to dosage, treatment duration, 
comorbidities, and age. Moreover, the literature contains a 
critical demographic gap: the vast majority of animal stud-
ies utilise male models. Future research must address this 
disparity to determine if these findings translate to ageing 
female populations.
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intake. However, it must be also considered an adequate 
intake of other essential micronutrients, such as vitamins 
and minerals along with the addition of specific supple-
ments, which support muscle health and growth [133],. 
Vitamin D plays a crucial role in muscle function and 
may contribute to improved physical activity levels and 
muscle health in older adults. Adequate vitamin D levels 
are linked to better muscle function and physical activity 
[73], while its deficiency may impair type II muscle fibres 
[74]. Thus, sarcopenia is strongly linked to vitamin D 
deficiency [134]. In this sense, Gkekas et al. reported that 
supplementation with vitamin D combined with protein 
confers a beneficial effect on muscle strength in patients 
with sarcopenia [135]. In addition, supplementation with 
vitamin D has shown benefits, including increased type 
II fibres and improved muscle quality, especially when 
combined with resistance training [75], though further 
research is needed.

Antioxidants may play a role in managing sarcopenia by 
reducing oxidative stress, a key factor in muscle decline. 
Vitamins C and E, known for their ability to scavenge reac-
tive oxygen species (ROS) and enhance cellular antioxidant 
capacity, may help preserve muscle mass and function. 
These antioxidant vitamins have been demonstrated to have 
potential effects in vitro, although there is not enough con-
vincing evidence about their effects on humans [136].

Recent research has also analysed the potential ben-
efits of polyunsaturated fatty acids in promoting muscle 
health and counteracting the progression of sarcopenia. 
Adequate intake of n-3 polyunsaturated fatty acids has 

microbiota remodelling, including enhanced antioxidant 
enzyme activity and elevated faecal butyrate levels [129]. 
Notably, reduced faecal butyrate levels have been linked 
to lower skeletal muscle mass in the elderly [131]. These 
anabolic effects support muscle mass preservation and may 
serve as a strategy to slow sarcopenia progression in elderly 
individuals. However, its extrapolation into a general popu-
lation is quite difficult due to the origin of the individuals 
that participated in the study (Taiwan).

Looking into the underlying mechanisms of such effects, 
Pavis et al. demonstrated that the combination of protein 
and polyphenols enhanced myofibrillar protein synthesis 
and early muscle function improvements in athletes. These 
findings demonstrate for the first time that daily ingestion of 
a protein-polyphenol beverage, known to suppress muscle 
damage, increases myofibrillar protein synthesis within 48 
h of initial resistance training by potentially modulating 
molecular pathways related to muscle protein metabolism, 
thereby accelerating early muscle function improvements 
and adaptation [132].

However, other studies suggested that while polyphenols 
improved oxidative stress and inflammation, the combina-
tion of proteins and polyphenols did not influence muscle 
protein metabolism in healthy rats. This lack of effect on 
muscle protein metabolism may be due to the rats’ excep-
tionally good oxidative and inflammatory status, which, 
despite slight deterioration over six months, remained 
within a healthy range and, therefore, additional polyphenol 
supplementation had no impact on lean body mass or mus-
cle protein synthesis. However, such supplementation could 
still be beneficial in conditions of low-grade inflammation 
[109]. Thus, further in vivo and in vitro studies are needed 
to better understand the effects of combined protein and 
polyphenol consumption on sarcopenia, as well as to deter-
mine their potential mechanisms and therapeutic potential 
in humans.

To sum up, more research is needed to explore the com-
bined effects of proteins and polyphenols supplementation 
on muscle health, focusing on both food technology innova-
tions to design enriched products and also more detailed in 
vivo and clinical studies to better understand the mechanisms 
and potential therapeutic benefits for sarcopenia. (Figure 1.)

Other strategies for sarcopenia 
management

Other nutritional strategies

Integrated nutritional interventions play a crucial role in 
managing sarcopenia. Previously, we have considered 
adjusted protein intakes, with or without polyphenol 

Fig. 1  Synergetic effects of protein and polyphenols in sarcopenia 
condition
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improvement of physical performance in the elderly popu-
lation [145]. Similarly, another clinical trial demonstrated 
enhanced benefits of exercise training when combined with 
creatine supplementation [146].

The observed enhancement of exercise benefits in 
sarcopenia when paired with dietary supplementation, 
according to results obtained in different clinical trials, 
should be considered as a potential strategy for preventing 
and managing sarcopenia. However, it is still difficult to 
establish clear recommendations, and existing evidence is 
based on populations who differ in age, frailty, and nutri-
tional status and in consequence, some results remain 
inconclusive.

Emerging trends and future research 
directions

Current sarcopenia therapies primarily focus on nutrition 
and physical exercise, but emerging strategies are explor-
ing molecular pathways and novel biomarkers to improve 
outcomes. In this sense, myostatin inhibition, through 
monoclonal antibodies targeting this negative regula-
tor of muscle growth, has demonstrated promise in pre-
clinical models for increasing muscle mass and strength 
[147, 148], with ongoing clinical trials assessing safety 
and efficacy in older adults. Mitochondrial therapeutics 
are also under investigation, as mitochondrial dysfunc-
tion, linked to oxidative stress and impaired mitophagy, 
contributes to sarcopenia. Thus, approaches including 
mitochondria-targeted antioxidants like MitoQ and agents 
that enhance mitophagy are being researched [149, 150]. 
Another promising area is the gut-muscle axis, where 
modulation of gut microbiota using probiotics, prebiotics, 
or polyphenol-rich diets may reduce systemic inflamma-
tion and promote butyrate production, potentially miti-
gating muscle loss [151–153]. In addition, gene editing 
techniques such as CRISPR/Cas9 and stem cell therapies 
are being explored to regenerate muscle tissue by target-
ing atrophy-related genes or activating satellite cells [154, 
155]. Hydration and electrolyte balance are increasingly 
recognised as key factors in maintaining muscle function, 
particularly in elderly individuals at risk of dehydration 
[150, 156]. Finally, personalised medicine approaches are 
gaining traction, emphasising the identification of early 
biomarkers—such as myostatin levels or gut microbiota 
profiles—to enable individualised, targeted interventions. 
Combining traditional therapies with novel strategies, 
including anti-inflammatories and mitochondrial enhanc-
ers, may offer synergistic benefits in preventing and treat-
ing sarcopenia [149, 157].

been linked to better total-body and appendicular skel-
etal muscle mass, while a higher n-6/n-3 ratio appears 
to reduce muscle mass [70]. Many studies have also 
demonstrated that oral intake of omega-3 PUFA has a 
great impact on muscle mass and function in older adults 
[137–139].

Nutritional interventions for sarcopenic patients have 
incorporated probiotics, prebiotics, and symbiotics, which 
have been shown to mitigate muscle mass loss while enhanc-
ing grip strength and gait speed [140, 141]. These studies 
suggest that these bioactive compounds exert their benefi-
cial effects on muscle mass loss by the reduction of systemic 
chronic low-grade inflammation associated with sarcopenia. 
Additionally, a food product containing omega-3 fatty acids, 
leucine, and the probiotic LPPS23 seems to be an effective 
strategy to combat sarcopenia and its defining parameters in 
older adults [69].

In conclusion, nutrition is crucial in managing sarco-
penia, and further research is needed to optimise nutrient 
combinations and fully understand their impact on muscle 
health in ageing populations.

Role of exercise in combination with nutrition

Supplements have emerged as a promising nutritional strat-
egy for managing sarcopenia, particularly when combined 
with exercise. Indeed, creatine supplementation has been 
shown to increase lean tissue mass and muscle strength in 
ageing adults. Compared with resistance training alone, 
creatine supplementation improves muscle strength, with 
greater gains in lean tissue mass resulting from post-exer-
cise creatine supplementation [76, 77].

Different clinical trials evaluated the effects of supple-
mentation with amino acids or proteins in combination 
with exercise training in healthy older adults in sarcopenic 
adults. Kim et al. proved that exercise in combination with 
amino acid supplementation produced significant effects 
on enhancing muscle strength, muscle mass and walking 
speed in sarcopenic women [142]. Also, Bonnefoy et al. 
indicated similar effects produced by the combination of a 
nutritional supplement rich in protein and micronutrients, 
combined with physical exercise in the frail elderly popu-
lation [143]. Apart from protein supplementation, different 
clinical studies have included other supplements in combi-
nation with exercise to improve sarcopenia. In this sense, 
training in combination with supplementation with fish-oil, 
rich in n–3 (omega-3) polyunsaturated fatty acids (PUFAs) 
resulted in a greater improvement in muscle strength and 
functional capacity than training by itself in elderly women 
[144]. Other studies included the combination of exer-
cise with supplementation with vitamin D, resulting in an 
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Conclusion

Sarcopenia remains a complex and multifactorial condition, 
with its pathophysiology involving numerous interconnected 
biological processes. This complexity presents both chal-
lenges and opportunities for the development of targeted and 
effective interventions. Current evidence increasingly sup-
ports optimising protein intake, with particular attention to 
high-quality protein sources and amino acids such as leucine, 
to counteract anabolic resistance and preserve muscle mass in 
older adults. Emerging data on plant-based proteins and bio-
active compounds, including polyphenols, highlight promis-
ing avenues but remain insufficient to support specific clinical 
recommendations. Importantly, combining tailored nutritional 
strategies with structured physical activity has shown additive 
benefits, underscoring the need for integrative, multimodal 
approaches (Fig. 2). However, significant heterogeneity across 
study designs, populations, and intervention protocols contin-
ues to limit the formulation of standardised guidelines.

This review is inherently shaped by the uneven distribution 
of evidence across domains, with robust human data in some 
areas and a reliance on preclinical studies in others. Con-
tinued high-quality research, particularly in diverse human 
populations, is therefore essential to refine and personalise 
strategies for the prevention and management of sarcopenia.
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Fig. 2  Take-home key recommen-
dations for sarcopenia
 

1 3

   12   Page 12 of 17

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


From molecular mechanisms to nutritional applications: protein and polyphenol interventions in sarcopenia

neurodegeneration. Anim Model Exp Med 8:266–286. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​m​​e​2​.​1​2​5​2​5

18.	 Behl T, Rana T, Alotaibi GH et al (2022) Polyphenols inhibiting 
MAPK signalling pathway mediated oxidative stress and inflam-
mation in depression. Biomed Pharmacother 146:112545. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​p​h​a​.​2​0​2​1​.​1​1​2​5​4​5

19.	 Dirks ML, Tieland M, Verdijk LB et al (2017) Protein supplemen-
tation augments muscle fiber hypertrophy but does not modulate 
satellite cell content during prolonged Resistance-Type exercise 
training in frail elderly. J Am Med Dir Assoc 18:608–615. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​a​m​d​a​.​2​0​1​7​.​0​2​.​0​0​6

20.	 Nikawa T, Ulla A, Sakakibara I (2021) Polyphenols and their 
effects on muscle atrophy and muscle health. Molecules 26:4887. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​6​1​6​4​8​8​7

21.	 Huang T-N, Shih Y-T, Yen T-L, Hsueh Y-P (2024) Vcp overex-
pression and leucine supplementation extend lifespan and ame-
liorate neuromuscular junction phenotypes of a SOD1G93A-ALS 
mouse model. Hum Mol Genet 33:935–944. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​h​m​​g​/​d​d​a​e​0​2​2

22.	 Balanyà-Segura M, Polishchuk A, Just-Borràs L et al (2025) Pro-
tective effects of grape seed procyanidin extract on neurotrophic 
and muscarinic signaling pathways in the aging neuromuscular 
junction. Food Funct 16:3575–3590. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​D​5​​F​
O​0​0​2​8​6​A

23.	 Beaudry KM, Binet ER, Collao N, De Lisio M (2022) Nutritional 
regulation of muscle stem cells in exercise and disease: the role 
of protein and amino acid dietary supplementation. Front Physiol. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​y​s​.​2​0​2​2​.​9​1​5​3​9​0

24.	 Myburgh KH, Kruger MJ, Smith C (2012) Accelerated skeletal 
muscle recovery after in vivo polyphenol administration. J Nutr 
Biochem 23:1072–1079. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​n​u​​t​b​i​​o​.​2​0​​1​1​​.​0​
5​.​0​1​4

25.	 Knuiman P, Hangelbroek R, Boekschoten M et al (2020) Impact 
of protein supplementation during endurance training on changes 
in skeletal muscle transcriptome. BMC Genomics 21:397. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​6​4​-​0​2​0​-​6​6​8​6​-​x

26.	 Cuijpers I, Katsburg J, van Loon LJC et al (2025) Nutritional 
strategies targeting age-related skeletal muscle fibrosis: underly-
ing mechanisms. Crit Rev Food Sci Nutr. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​
/​1​0​​4​0​8​​3​9​8​​.​2​0​2​​5​.​​2​4​9​8​6​7​6

27.	 Hruby A, Jacques PF (2019) Dietary protein and changes in bio-
markers of inflammation and oxidative stress in the Framingham 
Heart Study Offspring Cohort. Curr Dev Nutr 3:nzz019. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​c​d​​n​/​n​z​z​0​1​9

28.	 Di Lorenzo R, Chimienti G, Picca A et al (2024) Resveratrol 
impinges on retrograde communication without inducing mito-
chondrial biogenesis in aged rat soleus muscle. Exp Gerontol. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​2​4​.​1​1​2​4​8​5

29.	 D’Souza RF, Zeng N, Figueiredo VC et al (2018) Dairy pro-
tein supplementation modulates the human skeletal muscle 
MicroRNA response to lower limb immobilization. Mol Nutr 
Food Res 62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​n​​f​r​.​2​0​1​7​0​1​0​2​8

30.	 Conte E, Mantuano P, Boccanegra B et al (2024) Branched-chain 
amino acids and L-alanine supplementation ameliorate calcium 
dyshomeostasis in sarcopenia: new insights for nutritional inter-
ventions. Front Pharmacol 15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​a​r​.​2​0​2​4​
.​1​3​9​3​7​4​6

31.	 Gherardi G, Weiser A, Bermont F et al (2025) Mitochondrial cal-
cium uptake declines during aging and is directly activated by 
Oleuropein to boost energy metabolism and skeletal muscle per-
formance. Cell Metab 37:477–495e11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​
m​e​t​.​2​0​2​4​.​1​0​.​0​2​1

32.	 Chang Y-C, Liu H-W, Chan Y-C et al (2020) The green tea 
polyphenol epigallocatechin-3-gallate attenuates age-associated 
muscle loss via regulation of miR-486-5p and myostatin. Arch 

References

1.	 Shafiee G, Keshtkar A, Soltani A et al (2017) Prevalence of sar-
copenia in the world: A systematic review and meta- analysis of 
general population studies. J Diabetes Metab Disord 16. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​4​​0​2​0​0​-​0​1​7​-​0​3​0​2​-​x

2.	 Petermann-Rocha F, Balntzi V, Gray SR et al (2022) Global prev-
alence of sarcopenia and severe sarcopenia: a systematic review 
and meta-analysis. J Cachexia Sarcopenia Muscle 13:86–99

3.	 Mballa Yene BV, Lee SY, Park KS et al (2023) Prevalence of 
sarcopenia in africa: A systematic review. Clin Interv Aging 
18:1021–1035

4.	 Mayhew AJ, Amog K, Phillips S et al (2019) The prevalence of 
sarcopenia in community-dwelling older adults, an exploration of 
differences between studies and within definitions: A systematic 
review and meta-analyses. Age Ageing 48:48–56

5.	 Yang L, Smith L, Hamer M (2019) Gender-specific risk factors 
for incident sarcopenia: 8-year follow-up of the English longitu-
dinal study of ageing. J Epidemiol Community Health 73(1):86–
88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​j​e​​c​h​-​2​0​1​8​-​2​1​1​2​5​8

6.	 Dodds RM, Syddall HE, Cooper R et al (2016) Global variation 
in grip strength: a systematic review and meta-analysis of norma-
tive data. Age Ageing 45:209–216. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​g​​e​i​n​
g​/​a​f​v​1​9​2

7.	 Xu J, Wan CS, Ktoris K et al (2022) Sarcopenia is associated 
with mortality in adults: A systematic review and Meta-Analysis. 
Gerontology 68:361–376

8.	 Cawthon PM, Manini T, Patel SM et al (2020) Putative cut-points 
in sarcopenia components and incident adverse health outcomes: 
an SDOC analysis. J Am Geriatr Soc 68:1429–1437. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​1​1​​/​j​g​​s​.​1​6​5​1​7

9.	 Baethge C, Goldbeck-Wood S, Mertens S (2019) SANRA—a 
scale for the quality assessment of narrative review articles. Res 
Integr Peer Rev 4:5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​4​​1​0​7​3​-​0​1​9​-​0​0​6​4​-​8

10.	 Guillet C, Prod’homme M, Balage M et al (2004) Impaired ana-
bolic response of muscle protein synthesis is associated w Ith 
S6K1 dysregulation in elderly humans. FASEB Journal: Official 
Publication Federation Am Soci Eties Experimental Biology 
18:1586–1587. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​6​​/​f​j​​.​0​3​-​1​3​4​1​f​j​e

11.	 Rasmussen BB, Fujita S, Wolfe RR et al (2006) Insulin resistance 
of muscle protein metabolism in aging. FASEB J 20:768–769. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​6​​/​f​j​​.​0​5​-​4​6​0​7​f​j​e

12.	 Dardevet D, Sornet C, Bayle G et al (2002) Postprandial stimula-
tion of muscle protein synthesis in old rats can B e restored by a 
leucine-supplemented meal. J Nutr 132:95–100. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​9​3​​/​j​n​​/​1​3​2​.​1​.​9​5

13.	 Zhang J, Zheng J, Chen H et al (2022) Curcumin targeting NF-κB/
ubiquitin-proteasome-system axis ameliorates muscle atrophy in 
triple-negative breast cancer cachexia mice. Mediators Inflamm 
2022:1–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​2​2​/​2​5​6​7​1​5​0

14.	 Baptista IL, Silvestre JG, Silva WJ et al (2017) FoxO3a suppres-
sion and VPS34 activity are essential to anti-atrophic effects of 
leucine in skeletal muscle. Cell Tissue Res 369:381–394. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​4​1​-​0​1​7​-​2​6​1​4​-​z

15.	 Bahia PK, Pugh V, Hoyland K et al (2012) Neuroprotective 
effects of phenolic antioxidant tBHQ associate with inhibi-
tion of FoxO3a nuclear translocation and activity. J Neurochem 
123:182–191. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​7​​1​-​4​​1​5​9​.​​2​0​​1​2​.​0​7​8​7​7​.​x

16.	 Terra X, Valls J, Vitrac X et al (2007) Grape-seed procyanidins act 
as antiinflammatory agents in endotoxin-stimulated RAW 264.7 
macrophages by inhibiting NFkB signaling pathway. J Agric Food 
Chem 55:4357–4365. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​j​f​​0​6​3​3​1​8​5

17.	 Utpal BK, Roy SC, Zehravi M et al (2025) Polyphenols as Wnt/β-
catenin pathway modulators: A promising strategy in clinical 

1 3

Page 13 of 17     12 

https://doi.org/10.1002/ame2.12525
https://doi.org/10.1002/ame2.12525
https://doi.org/10.1016/j.biopha.2021.112545
https://doi.org/10.1016/j.biopha.2021.112545
https://doi.org/10.1016/j.jamda.2017.02.006
https://doi.org/10.1016/j.jamda.2017.02.006
https://doi.org/10.3390/molecules26164887
https://doi.org/10.3390/molecules26164887
https://doi.org/10.1093/hmg/ddae022
https://doi.org/10.1093/hmg/ddae022
https://doi.org/10.1039/D5FO00286A
https://doi.org/10.1039/D5FO00286A
https://doi.org/10.3389/fphys.2022.915390
https://doi.org/10.3389/fphys.2022.915390
https://doi.org/10.1016/j.jnutbio.2011.05.014
https://doi.org/10.1016/j.jnutbio.2011.05.014
https://doi.org/10.1186/s12864-020-6686-x
https://doi.org/10.1186/s12864-020-6686-x
https://doi.org/10.1080/10408398.2025.2498676
https://doi.org/10.1080/10408398.2025.2498676
https://doi.org/10.1093/cdn/nzz019
https://doi.org/10.1093/cdn/nzz019
https://doi.org/10.1016/j.exger.2024.112485
https://doi.org/10.1016/j.exger.2024.112485
https://doi.org/10.1002/mnfr.201701028
https://doi.org/10.3389/fphar.2024.1393746
https://doi.org/10.3389/fphar.2024.1393746
https://doi.org/10.1016/j.cmet.2024.10.021
https://doi.org/10.1016/j.cmet.2024.10.021
https://doi.org/10.1186/s40200-017-0302-x
https://doi.org/10.1186/s40200-017-0302-x
https://doi.org/10.1136/jech-2018-211258
https://doi.org/10.1093/ageing/afv192
https://doi.org/10.1093/ageing/afv192
https://doi.org/10.1111/jgs.16517
https://doi.org/10.1111/jgs.16517
https://doi.org/10.1186/s41073-019-0064-8
https://doi.org/10.1096/fj.03-1341fje
https://doi.org/10.1096/fj.05-4607fje
https://doi.org/10.1096/fj.05-4607fje
https://doi.org/10.1093/jn/132.1.95
https://doi.org/10.1093/jn/132.1.95
https://doi.org/10.1155/2022/2567150
https://doi.org/10.1007/s00441-017-2614-z
https://doi.org/10.1007/s00441-017-2614-z
https://doi.org/10.1111/j.1471-4159.2012.07877.x
https://doi.org/10.1021/jf0633185


P. Aragón-Espinosa et al.

52.	 Xu H, Brown JL, Bhaskaran S, Van Remmen H (2025) Reactive 
oxygen species in the pathogenesis of sarcopenia. Free Radic Biol 
Med 227:446–458. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​r​e​​e​r​a​​d​b​i​o​​m​e​​d​.​2​0​2​4​
.​1​1​.​0​4​6

53.	 Gomez-Cabrera MC, Arc-Chagnaud C, Salvador-Pascual A et al 
(2020) Redox modulation of muscle mass and function. Redox 
Biol 35:101531. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​d​o​x​.​2​0​2​0​.​1​0​1​5​3​1

54.	 Antuña E, Cachán-Vega C, Bermejo-Millo JC et al (2022) Inflam-
maging: implications in sarcopenia. Int J Mol Sci 23:15039. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​3​2​3​1​5​0​3​9

55.	 Dalle S, Rossmeislova L, Koppo K (2017) The role of inflamma-
tion in age-related sarcopenia. Front Physiol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​8​9​​/​f​p​​h​y​s​.​2​0​1​7​.​0​1​0​4​5

56.	 Wang T (2022) Searching for the link between inflammaging and 
sarcopenia. Ageing Res Rev 77:101611. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​a​r​r​.​2​0​2​2​.​1​0​1​6​1​1

57.	 Zhang N, Zhai L, Wong RMY et al (2024) Harnessing immuno-
modulation to combat sarcopenia: current insights and possible 
approaches. Immunity Ageing 21:55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​
9​7​9​-​0​2​4​-​0​0​4​5​8​-​9

58.	 Tang JE, Moore DR, Kujbida GW et al (2009) Ingestion of whey 
hydrolysate, casein, or soy protein isolate: effects on mixed mus-
cle protein synthesis at rest and following resistance exercise in 
young men. J Appl Physiol 107:987–992. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​
/​j​a​​p​p​l​​p​h​y​​s​i​o​l​​.​0​​0​0​7​6​.​2​0​0​9

59.	 Nichele S, Phillips SM, Boaventura BCB (2022) Plant-based 
food patterns to stimulate muscle protein synthesis and support 
muscle mass in humans: a narrative review. Appl Physiol Nutr 
Metab 47:700–710. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​9​​/​a​p​​n​m​-​2​0​2​1​-​0​8​0​6

60.	 Wolfe RR (2002) Regulation of muscle protein by amino acids. J 
Nutr 132:3219S–3224S. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​n​​/​1​3​1​.​1​0​.​3​2​1​9​s

61.	 Volpi E, Kobayashi H, Sheffield-Moore M et al (2003) Essential 
amino acids are primarily responsible for the amino acid sti mula-
tion of muscle protein anabolism in healthy elderly adults. Am J 
Clin Nutr 78:250–258. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​j​​c​n​/​7​8​.​2​.​2​5​0

62.	 Kimball SR, Jefferson LS (2004) Regulation of global and spe-
cific mRNA translation by oral administrat ion of branched-chain 
amino acids. Biochem Biophys Res Commun 313:423–427. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​b​r​c​.​2​0​0​3​.​0​7​.​0​1​4

63.	 Morton RW, Traylor DA, Weijs PJM, Phillips SM (2018) Defin-
ing anabolic resistance: implications for delivery of clinical Ca re 
nutrition. Curr Opin Crit Care 24:124–130. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​
7​​/​M​C​​C​.​0​0​0​0​0​0​0​0​0​0​0​0​0​4​8​8

64.	 Smeuninx B, Mckendry J, Wilson D et al (2017) Age-related ana-
bolic resistance of myofibrillar protein synthesis is e xacerbated 
in obese inactive individuals. J Clin Endocrinol Metab 102:3535–
3545. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​1​7​-​0​0​8​6​9

65.	 Puthucheary ZA, Rawal J, McPhail M et al (2013) Acute skeletal 
muscle wasting in critical illness. JAMA 310:1591. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​.​2​0​1​3​.​2​7​8​4​8​1

66.	 MacDonald AJ, Johns N, Stephens N et al (2015) Habitual myo-
fibrillar protein synthesis is normal in patients with Upp er GI 
cancer cachexia. Clin Cancer Res 21:1734–1740. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​1​5​8​​/​1​0​​7​8​-​​0​4​3​​2​.​C​C​​R​-​​1​4​-​2​0​0​4

67.	 Beals JW, Sukiennik RA, Nallabelli J et al (2016) Anabolic sensi-
tivity of postprandial muscle protein synthesis to the i ngestion of 
a protein-dense food is reduced in overweight and obese yo ung 
adults. Am J Clin Nutr 104:1014–1022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​
j​​c​n​.​1​1​6​.​1​3​0​3​8​5

68.	 Breen L, Stokes KA, Churchward-Venne TA et al (2013) Two 
weeks of reduced activity decreases leg lean mass and induces 
“Ana bolic Resistance” of myofibrillar protein synthesis in 
healthy elderly. J Clin Endocrinol Metab 98:2604–2612. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​1​3​-​1​5​0​2

69.	 Nederveen JP, Joanisse S, Snijders T et al (2016) Skeletal muscle 
satellite cells are located at a closer proximity to c apillaries in 

Biochem Biophys 692:108511. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​b​b​.​2​0​2​
0​.​1​0​8​5​1​1

33.	 Paulussen KJM, McKenna CF, Beals JW et al (2021) Anabolic 
resistance of muscle protein turnover comes in various shapes 
and sizes. Front Nutr. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​u​t​.​2​0​2​1​.​6​1​5​8​4​9

34.	 Sandri M, Barberi L, Bijlsma AY et al (2013) Signalling pathways 
regulating muscle mass in ageing skeletal muscle. The role of the 
IGF1-Akt-mTOR-FoxO pathway. Biogerontology 14:303–323. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​2​2​-​0​1​3​-​9​4​3​2​-​9

35.	 Yoshida T, Delafontaine P (2020) Mechanisms of IGF-1-medi-
ated regulation of skeletal muscle hypertrophy and atrophy. Cells 
9:1970. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​c​e​​l​l​s​9​0​9​1​9​7​0

36.	 Nilwik R, Snijders T, Leenders M et al (2013) The decline in skel-
etal muscle mass with aging is mainly attributed to a reduction in 
type II muscle fiber size. Exp Gerontol 48:492–498. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​1​3​.​0​2​.​0​1​2

37.	 Batsis JA, Villareal DT (2018) Sarcopenic obesity in older adults: 
aetiology, epidemiology and treatment strategies. Nat Rev Endo-
crinol 14:513–537. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​7​4​-​0​1​8​-​0​0​6​2​-​9

38.	 Paez HG, Pitzer CR, Alway SE (2023) Age-related dysfunc-
tion in proteostasis and cellular quality control in the develop-
ment of sarcopenia. Cells 12:249. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​c​e​​l​l​s​
1​2​0​2​0​2​4​9

39.	 Triolo M, Hood DA (2021) Manifestations of age on autophagy, 
mitophagy and lysosomes in skeletal muscle. Cells 10:1054. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​c​e​​l​l​s​1​0​0​5​1​0​5​4

40.	 Arnold WD, Clark BC (2023) Neuromuscular junction transmis-
sion failure in aging and sarcopenia: the nexus of the neurological 
and muscular systems. Ageing Res Rev 89:101966. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​r​r​.​2​0​2​3​.​1​0​1​9​6​6

41.	 Huo F, Liu Q, Liu H (2022) Contribution of muscle satellite cells 
to sarcopenia. Front Physiol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​y​s​.​2​0​2​2​.​
8​9​2​7​4​9

42.	 Kubat GB, Bouhamida E, Ulger O et al (2023) Mitochondrial 
dysfunction and skeletal muscle atrophy: causes, mechanisms, 
and treatment strategies. Mitochondrion 72:33–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​i​t​o​.​2​0​2​3​.​0​7​.​0​0​3

43.	 Barclay CJ, Woledge RC, Curtin NA (2007) Energy turnover 
for Ca2 + cycling in skeletal muscle. J Muscle Res Cell Motil 
28:259–274. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​9​7​4​-​0​0​7​-​9​1​1​6​-​7

44.	 Cai L, Shi L, Peng Z et al (2023) Ageing of skeletal muscle extra-
cellular matrix and mitochondria: finding a potential link. Ann 
Med. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​7​​8​5​3​​8​9​0​​.​2​0​2​​3​.​​2​2​4​0​7​0​7

45.	 Trendelenburg AU, Meyer A, Rohner D et al (2009) Myostatin 
reduces Akt/TORC1/p70S6K signaling, inhibiting myoblast 
differentiation and myotube size. Am J Physiol Cell Physiol 
296:C1258–C1270. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​c​e​l​l​.​0​0​1​0​5​.​2​0​0​9

46.	 Sandri M, Sandri C, Gilbert A et al (2004) Foxo transcription 
factors induce the atrophy-related ubiquitin ligase Atrogin-1 and 
cause skeletal muscle atrophy. Cell 117:399–412. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​S​0​​0​9​2​-​8​6​7​4​(​0​4​)​0​0​4​0​0​-​3

47.	 Kramer HF, Goodyear LJ (2007) Exercise, MAPK, and NF-κB 
signaling in skeletal muscle. J Appl Physiol 103:388–395. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​j​a​​p​p​l​​p​h​y​​s​i​o​l​​.​0​​0​0​8​5​.​2​0​0​7

48.	 Thoma A, Lightfoot AP (2018) NF-kB and Inflammatory Cyto-
kine Signalling: Role in Skeletal Muscle Atrophy. 267–279

49.	 Arthur ST, Cooley ID (2012) The effect of physiological stimuli 
on sarcopenia; impact of Notch and Wnt signaling on impaired 
aged skeletal muscle repair. Int J Biol Sci 8:731–760. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​7​​1​5​0​​/​i​j​​b​s​.​4​2​6​2

50.	 Brown DM, Goljanek-Whysall K (2015) Micrornas: modulators 
of the underlying pathophysiology of sarcopenia? Ageing Res 
Rev 24:263–273. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​r​r​.​2​0​1​5​.​0​8​.​0​0​7

51.	 Sies H, Berndt C, Jones DP (2017) Oxidative stress. Annu Rev 
Biochem 86:715–748. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​-​​b​i​o​c​​h​e​​m​-​
0​6​1​5​1​6​-​0​4​5​0​3​7

1 3

   12   Page 14 of 17

https://doi.org/10.1016/j.freeradbiomed.2024.11.046
https://doi.org/10.1016/j.freeradbiomed.2024.11.046
https://doi.org/10.1016/j.redox.2020.101531
https://doi.org/10.3390/ijms232315039
https://doi.org/10.3390/ijms232315039
https://doi.org/10.3389/fphys.2017.01045
https://doi.org/10.3389/fphys.2017.01045
https://doi.org/10.1016/j.arr.2022.101611
https://doi.org/10.1016/j.arr.2022.101611
https://doi.org/10.1186/s12979-024-00458-9
https://doi.org/10.1186/s12979-024-00458-9
https://doi.org/10.1152/japplphysiol.00076.2009
https://doi.org/10.1152/japplphysiol.00076.2009
https://doi.org/10.1139/apnm-2021-0806
https://doi.org/10.1093/jn/131.10.3219s
https://doi.org/10.1093/ajcn/78.2.250
https://doi.org/10.1016/j.bbrc.2003.07.014
https://doi.org/10.1016/j.bbrc.2003.07.014
https://doi.org/10.1097/MCC.0000000000000488
https://doi.org/10.1097/MCC.0000000000000488
https://doi.org/10.1210/jc.2017-00869
https://doi.org/10.1001/jama.2013.278481
https://doi.org/10.1001/jama.2013.278481
https://doi.org/10.1158/1078-0432.CCR-14-2004
https://doi.org/10.1158/1078-0432.CCR-14-2004
https://doi.org/10.3945/ajcn.116.130385
https://doi.org/10.3945/ajcn.116.130385
https://doi.org/10.1210/jc.2013-1502
https://doi.org/10.1210/jc.2013-1502
https://doi.org/10.1016/j.abb.2020.108511
https://doi.org/10.1016/j.abb.2020.108511
https://doi.org/10.3389/fnut.2021.615849
https://doi.org/10.1007/s10522-013-9432-9
https://doi.org/10.1007/s10522-013-9432-9
https://doi.org/10.3390/cells9091970
https://doi.org/10.1016/j.exger.2013.02.012
https://doi.org/10.1016/j.exger.2013.02.012
https://doi.org/10.1038/s41574-018-0062-9
https://doi.org/10.3390/cells12020249
https://doi.org/10.3390/cells12020249
https://doi.org/10.3390/cells10051054
https://doi.org/10.3390/cells10051054
https://doi.org/10.1016/j.arr.2023.101966
https://doi.org/10.1016/j.arr.2023.101966
https://doi.org/10.3389/fphys.2022.892749
https://doi.org/10.3389/fphys.2022.892749
https://doi.org/10.1016/j.mito.2023.07.003
https://doi.org/10.1016/j.mito.2023.07.003
https://doi.org/10.1007/s10974-007-9116-7
https://doi.org/10.1080/07853890.2023.2240707
https://doi.org/10.1152/ajpcell.00105.2009
https://doi.org/10.1016/S0092-8674(04)00400-3
https://doi.org/10.1016/S0092-8674(04)00400-3
https://doi.org/10.1152/japplphysiol.00085.2007
https://doi.org/10.1152/japplphysiol.00085.2007
https://doi.org/10.7150/ijbs.4262
https://doi.org/10.7150/ijbs.4262
https://doi.org/10.1016/j.arr.2015.08.007
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1146/annurev-biochem-061516-045037


From molecular mechanisms to nutritional applications: protein and polyphenol interventions in sarcopenia

87.	 Boirie Y, Dangin M, Gachon P et al (1997) Slow and fast dietary 
proteins differently modulate postprandial protein accretion. Proc 
Natl Acad Sci U S A 94:14930–14935. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​
a​s​.​9​4​.​2​6​.​1​4​9​3​0

88.	 Dangin M, Boirie Y, Guillet C, Beaufrère B (2002) Influence 
of the protein digestion rate on protein turnover in young a nd 
elderly subjects. J Nutr 132:3228S–33S. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​
n​​/​1​3​1​.​1​0​.​3​2​2​8​S

89.	 Bos C, Metges CC, Gaudichon C et al (2003) Postprandial kinet-
ics of dietary amino acids are the main determinant of their 
metabolism after soy or milk protein ingestion in humans. J Nutr 
133:1308–1315. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​n​​/​1​3​3​.​5​.​1​3​0​8

90.	 Son SM, Park SJ, Lee H et al (2019) Leucine signals to mTORC1 
via its metabolite acetyl-coenzyme A. Cell Metab 29:192–201.e7. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​m​e​t​.​2​0​1​8​.​0​8​.​0​1​3

91.	 Xu Z, Tan Z, Zhang Q et al (2015) The effectiveness of leucine on 
muscle protein synthesis, lean body mass and leg lean mass accre-
tion in older people: a systematic review and meta-analysis. Br J 
Nutr 113:25–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​1​4​0​0​2​4​7​5

92.	 Chanet A, Verlaan S, Salles J et al (2017) Supplementing breakfast 
with a vitamin D and Leucine-Enriched Whey pro Tein medical 
nutrition drink enhances postprandial muscle protein Synt hesis 
and muscle mass in healthy older men. J Nutr 147:2262–2271. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​j​n​​.​1​1​7​.​2​5​2​5​1​0

93.	 Walrand S, Gryson C, Salles J et al (2016) Fast-digestive protein 
supplement for ten days overcomes muscle anabol ic resistance in 
healthy elderly men. Clin Nutr 35:660–668. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​c​l​n​u​.​2​0​1​5​.​0​4​.​0​2​0

94.	 Garcia-Vicencio S, Ratel S, Gryson C et al (2018) A moderate 
supplementation of native whey protein promotes better musc le 
training and recovery adaptations than standard whey protein - a 
12 -week electrical stimulation and plyometrics training study. 
Front Physiol 9:1312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​y​s​.​2​0​1​8​.​0​1​3​1​2

95.	 Nakayama K, Sanbongi C, Ikegami S (2018) Effects of whey pro-
tein hydrolysate ingestion on postprandial aminoaci demia com-
pared with a free amino acid mixture in young men. Nutrients 
10:507. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​0​0​4​0​5​0​7

96.	 Revel A, Jarzaguet M, Peyron M-A et al (2017) At same leucine 
intake, a Whey/plant protein blend is not as effective as Whey to 
initiate a transient post prandial muscle anabolic respons e during 
a catabolic state in mini pigs. PLoS ONE 12:e0186204. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​1​8​6​2​0​4

97.	 Gorissen SH, Horstman AM, Franssen R et al (2016) Ingestion of 
wheat protein increases in vivo muscle protein synthesis rates in 
healthy older men in a randomized trial. J Nutr 146:1651–1659. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​j​n​​.​1​1​6​.​2​3​1​3​4​0

98.	 Laleg K, Salles J, Berry A et al (2019) Nutritional evaluation of 
mixed wheat–faba bean pasta in growing rats: impact of protein 
source and drying temperature on protein digestibility and reten-
tion. Br J Nutr 121:496–507. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​
1​8​0​0​3​5​8​6

99.	 Churchward-Venne TA, Pinckaers PJM, Smeets JSJ et al (2019) 
Myofibrillar and mitochondrial protein synthesis rates do not dif-
fer i n young men following the ingestion of carbohydrate with 
Whey, soy, or Leucine-Enriched soy protein after concurrent 
Resistance- and Enduran. J Nutr 149:210–220. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​9​3​​/​j​n​​/​n​x​y​2​5​1

100.	Salucci S, Falcieri E (2020) Polyphenols and their potential role 
in preventing skeletal muscle atrophy. Nutr Res 74:10–22. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​u​t​r​e​s​.​2​0​1​9​.​1​1​.​0​0​4

101.	Yang CS, Chen T, Ho C-T (2022) Redox and other biological 
activities of tea catechins that may affect health: mechanisms and 
unresolved issues. J Agric Food Chem 70:7887–7899. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​j​a​f​c​.​2​c​0​2​5​2​7

102.	Puiggros F, Llópiz N, Ardévol A et al (2005) Grape seed procy-
anidins prevent oxidative injury by modulating the expression of 

healthy young compared with older men. J Cachexia Sarcopenia 
Muscle 7:547–554. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​c​​s​m​.​1​2​1​0​5

70.	 Nutrition Division (1991) FAO/WHO. Protein quality evaluation: 
report of the joint FAO/WHO Expert consultation 1989; FAO 
food and nutrition paper 51; FAO: Rome, Italy. ​h​t​t​p​​:​/​/​​w​w​w​.​​f​a​​o​.​
o​​r​g​/​3​​/​a​-​​t​0​5​​0​1​e​.​p​d​f

71.	 FAO (2013) Dietary protein evaluation in human nutrition: report 
of an FAO Epert consultation 2011; FAO food and nutrition paper 
92; FAO: Rome, Italy. ​h​t​t​p​​s​:​/​​/​o​p​e​​n​k​​n​o​w​​l​e​d​g​​e​.​f​​a​o​.​​o​r​g​​/​h​a​​n​d​l​e​​/​2​​0​.​
5​0​0​.​1​4​2​8​3​/​i​3​1​2​4​e

72.	 Institute of Medicine. 2006. Dietary Reference Intakes: The 
Essential Guide to Nutrient Requirements. Washington, DC: The 
National Academies Press. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​7​2​2​​6​/​1​​1​5​3​7 

73.	 Li M, Sun F, Piao JH, Yang XG (2014) Protein requirements 
in healthy adults: a meta-analysis of nitrogen Ba lance studies. 
Biomed Environ Sci 27:606–613. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​6​7​​/​b​e​​s​2​0​1​
4​.​0​9​3

74.	 Rand WM, Pellett PL, Young VR (2003) Meta-analysis of 
nitrogen balance studies for estimating protein requi rements in 
healthy adults. Am J Clin Nutr 77:109–127. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​a​j​​c​n​/​7​7​.​1​.​1​0​9

75.	 Traylor DA, Gorissen SHM, Phillips SM (2018) Perspective: pro-
tein requirements and optimal intakes in aging: are we ready to 
recommend more than the recommended daily allowance? Adv 
Nutr 9:171–182. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​d​​v​a​n​c​e​s​/​n​m​y​0​0​3

76.	 Bauer J, Biolo G, Cederholm T et al (2013) Evidence-based rec-
ommendations for optimal dietary protein intake in older people: 
a position paper from the prot-age study group. J Am Med Dir 
Assoc 14:542–559. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​a​m​d​a​.​2​0​1​3​.​0​5​.​0​2​1

77.	 Mast C, Dardevet D, Papet I (2018) Impact of medication on pro-
tein and amino acid metabolism in the elderly: the sulfur amino 
acid and paracetamol case. Nutr Res Rev 31:179–192. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​9​5​4​4​2​2​4​1​8​0​0​0​0​2​1

78.	 Pickering G, Macian N, Papet I et al (2019) N-acetylcyste-
ine prevents glutathione decrease and does not interfere with 
paracetamol antinociceptive effect at therapeutic dosage: a ran-
domized double‐blind controlled trial in healthy subjects. Fun-
dam Clin Pharmacol 33:303–311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​f​c​​p​.​1​2​4​
3​7

79.	 Bauer J, Morley JE, Schols AMWJ et al (2019) Sarcopenia: a 
time for action. An SCWD position paper. J Cachexia Sarcopenia 
Muscle 10:956–961. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​c​​s​m​.​1​2​4​8​3

80.	 Deutz NEP, Bauer JM, Barazzoni R et al (2014) Protein intake 
and exercise for optimal muscle function with aging: recommen-
dations from the ESPEN expert group. Clin Nutr 33:929–936. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​1​4​.​0​4​.​0​0​7

81.	 Famularo P (2023) Protein requirements for older adults: what are 
the current recommendations for intake? Caring Ages 24:9. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​r​a​g​e​.​2​0​2​3​.​0​4​.​0​1​5

82.	 National Health and Medical Research Council (2006) Australian 
Government Department of Health and Ageing, New Zealand 
Ministry of Health. Nutrient Reference Values for Australia and 
New Zealand. Canberra: National Health and Medical Research 
Council

83.	 ANSES rapport d'expertise (2008) Apport en protéines: consom-
mation, qualité, besoins et recommandations, Saisine 2004-SA-
0052. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​a​​n​s​e​​s​.​f​r​​/​f​r​​/​s​y​​s​t​e​​m​/​f​​i​l​e​s​​/​N​​U​T​-​R​a​-​P​r​o​t​e​i​n​e​s​.​p​d​f

84.	 Blomhoff R, Andersen R, Arnesen EK et al (2023) Nordic nutri-
tion recommendations 2023. Nordic Council of Ministers

85.	 Snetselaar LG, Jesus JM, DeSilva DM, Stoody EE (2021) Dietary 
guidelines for Americans, 2020–2025. Nutr Today 56:287–295. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​N​T​​.​0​0​0​0​0​0​0​0​0​0​0​0​0​5​1​2

86.	 Morgan PT, Harris DO, Marshall RN et al (2021) Protein source 
and quality for skeletal muscle anabolism in young and older 
adults: a systematic review and meta-analysis. J Nutr 151:1901–
1920. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​n​​/​n​x​a​b​0​5​5

1 3

Page 15 of 17     12 

https://doi.org/10.1073/pnas.94.26.14930
https://doi.org/10.1073/pnas.94.26.14930
https://doi.org/10.1093/jn/131.10.3228S
https://doi.org/10.1093/jn/131.10.3228S
https://doi.org/10.1093/jn/133.5.1308
https://doi.org/10.1016/j.cmet.2018.08.013
https://doi.org/10.1016/j.cmet.2018.08.013
https://doi.org/10.1017/S0007114514002475
https://doi.org/10.3945/jn.117.252510
https://doi.org/10.3945/jn.117.252510
https://doi.org/10.1016/j.clnu.2015.04.020
https://doi.org/10.1016/j.clnu.2015.04.020
https://doi.org/10.3389/fphys.2018.01312
https://doi.org/10.3390/nu10040507
https://doi.org/10.1371/journal.pone.0186204
https://doi.org/10.1371/journal.pone.0186204
https://doi.org/10.3945/jn.116.231340
https://doi.org/10.3945/jn.116.231340
https://doi.org/10.1017/S0007114518003586
https://doi.org/10.1017/S0007114518003586
https://doi.org/10.1093/jn/nxy251
https://doi.org/10.1093/jn/nxy251
https://doi.org/10.1016/j.nutres.2019.11.004
https://doi.org/10.1016/j.nutres.2019.11.004
https://doi.org/10.1021/acs.jafc.2c02527
https://doi.org/10.1021/acs.jafc.2c02527
https://doi.org/10.1002/jcsm.12105
http://www.fao.org/3/a-t0501e.pdf
http://www.fao.org/3/a-t0501e.pdf
https://openknowledge.fao.org/handle/20.500.14283/i3124e
https://openknowledge.fao.org/handle/20.500.14283/i3124e
https://doi.org/10.17226/11537
https://doi.org/10.3967/bes2014.093
https://doi.org/10.3967/bes2014.093
https://doi.org/10.1093/ajcn/77.1.109
https://doi.org/10.1093/ajcn/77.1.109
https://doi.org/10.1093/advances/nmy003
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1017/S0954422418000021
https://doi.org/10.1017/S0954422418000021
https://doi.org/10.1111/fcp.12437
https://doi.org/10.1111/fcp.12437
https://doi.org/10.1002/jcsm.12483
https://doi.org/10.1016/j.clnu.2014.04.007
https://doi.org/10.1016/j.clnu.2014.04.007
https://doi.org/10.1016/j.carage.2023.04.015
https://doi.org/10.1016/j.carage.2023.04.015
https://www.anses.fr/fr/system/files/NUT-Ra-Proteines.pdf
https://doi.org/10.1097/NT.0000000000000512
https://doi.org/10.1097/NT.0000000000000512
https://doi.org/10.1093/jn/nxab055


P. Aragón-Espinosa et al.

118.	Alway SE, McCrory JL, Kearcher K et al (2017) Resveratrol 
enhances Exercise-Induced cellular and functional adaptations of 
skeletal muscle in older men and women. Journals Gerontology: 
Ser A 72:1595–1606. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​g​e​​r​o​n​a​/​g​l​x​0​8​9

119.	dos Santos TW, Pereira QC, Fortunato IM et al (2024) Body 
Composition and Senescence: Impact of Polyphenols on Aging-
Associated Events. Nutrients 2024, 16:3621. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​9​0​​/​N​U​​1​6​2​1​3​6​2​1

120.	You J, Luo Y, Wu J (2014) Conjugation of ovotransferrin with 
Catechin shows improved antioxidant activity. J Agric Food 
Chem 62:2581–2587. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​J​F​​4​0​5​6​3​5​Q. ​/​A​S​S​
E​T​/​I​M​A​G​E​S​/​M​E​D​I​U​M​/​J​F​-​2​0​1​3​-​0​5​6​3​5​Q​_​0​0​0​8​.​G​I​F 

121.	Li L, Chai W, Ma L et al (2023) Covalent polyphenol with soy-
bean 11S protein to develop hypoallergenic conjugates for poten-
tial immunotherapy. J Funct Foods 104:105518. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​J​.​​J​F​F​.​2​0​2​3​.​1​0​5​5​1​8

122.	Liu F, Ma C, Gao Y, McClements DJ (2017) Food-Grade cova-
lent complexes and their application as nutraceutical delivery sys-
tems: A review. Compr Rev Food Sci Food Saf 16:76–95. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​5​​4​1​-​4​3​3​7​.​1​2​2​2​9

123.	Ali M, Imran M, Nadeem M et al (2019) Oxidative stability and 
sensoric acceptability of functional fish meat product supple-
mented with plant – based polyphenolic optimal extracts. Lipids 
Health Dis 18:35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​S​1​​2​9​4​4​-​0​1​9​-​0​9​8​2​-​Y

124.	Zhang C, Luo J, Yu B et al (2015) Dietary Resveratrol supple-
mentation improves meat quality of finishing pigs through chang-
ing muscle fiber characteristics and antioxidative status. Meat Sci 
102:15–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​M​E​A​​T​S​C​​I​.​2​0​​1​4​​.​1​1​.​0​1​4

125.	Li Y, He D, Li B et al (2021) Engineering polyphenols with bio-
logical functions via polyphenol-protein interactions as additives 
for functional foods. Trends Food Sci Technol 110:470–482. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​T​I​F​S​.​2​0​2​1​.​0​2​.​0​0​9

126.	Betz M, Steiner B, Schantz M et al (2012) Antioxidant capacity 
of Bilberry extract microencapsulated in Whey protein hydrogels. 
Food Res Int 47:51–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​F​O​O​​D​R​E​​S​.​2​0​​1​
2​​.​0​1​.​0​1​0

127.	Yan S, Wang Q, Yu J et al (2023) Ultrasound-assisted preparation 
of protein-polyphenol conjugates and their structural and func-
tional characteristics. Ultrason Sonochem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​J​.​​U​L​T​​S​O​N​​C​H​.​2​​0​2​​3​.​1​0​6​6​4​5

128.	Zhang S, Li X, Yan X et al (2022) Ultrasound-assisted prepara-
tion of lactoferrin-EGCG conjugates and their application in 
forming and stabilizing algae oil emulsions. Ultrason Sonochem 
89:106110. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​U​L​T​​S​O​N​​C​H​.​2​​0​2​​2​.​1​0​6​1​1​0

129.	Chang SS, Chen LH, Huang KC et al (2023) Plant-based poly-
phenol rich protein supplementation attenuated skeletal muscle 
loss and lowered the LDL level via gut microbiota remodeling 
in Taiwan’s community-dwelling elderly. Food Funct 14:9407–
9418. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​D​3​​F​O​0​2​7​6​6​J

130.	Coto Montes A, Boga JA, Bermejo Mill C et al (2017) Potential 
early biomarkers of sarcopenia among independent older adults. 
Maturitas 104:117–122. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​a​t​​u​r​i​​t​a​s​.​​2​0​​1​7​.​
0​8​.​0​0​9

131.	Han DS, Wu WK, Liu PY et al (2022) Differences in the gut 
microbiome and reduced fecal butyrate in elders with low skeletal 
muscle mass. Clin Nutr 41:1491–1500. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​
C​L​N​U​.​2​0​2​2​.​0​5​.​0​0​8

132.	Pavis GF, Jameson TSO, Blackwell JR et al (2022) Daily protein-
polyphenol ingestion increases daily myofibrillar protein syn-
thesis rates and promotes early muscle functional gains during 
resistance training. Am J Physiol Endocrinol Metab 322:E231. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​A​J​​P​E​N​D​O​.​0​0​3​2​8​.​2​0​2​1

133.	Srivastava S, Pandey VK, Singh A, Dar AH (2024) Exploring the 
potential of treating sarcopenia through dietary interventions. J 
Food Biochem 2024:1–19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​2​4​/​3​0​1​8​7​6​0

antioxidant enzyme systems. J Agric Food Chem 53:6080–6086. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​j​f​​0​5​0​3​4​3​m

103.	Medoro A, Scapagnini G, Davinelli S (2024) Polyphenol supple-
mentation and sarcopenia: a systematic review and meta-analy-
sis of clinical trials. J Frailty Aging. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​2​8​​3​/​j​​f​a​
.​2​0​2​4​.​7​3

104.	Wiedmer P, Jung T, Castro JP et al (2021) Sarcopenia – Molecular 
mechanisms and open questions. Ageing Res Rev 65:101200. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​r​r​.​2​0​2​0​.​1​0​1​2​0​0

105.	Pacifici F, Della-Morte D, Piermarini F et al (2020) Prdx6 plays a 
main role in the crosstalk between aging and metabolic sarcope-
nia. Antioxidants 9:329. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​o​x​9​0​4​0​3​2​9

106.	Scicchitano BM, Pelosi L, Sica G, Musarò A (2018) The physio-
pathologic role of oxidative stress in skeletal muscle. Mech Age-
ing Dev 170:37–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​a​d​.​2​0​1​7​.​0​8​.​0​0​9

107.	Park YC, Rimbach G, Saliou C et al (2000) Activity of mono-
meric, dimeric, and trimeric flavonoids on NO production, TNF-α 
secretion, and NF‐κB‐dependent gene expression in RAW 264.7 
macrophages. FEBS Lett 465:93–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​
1​4​-​5​7​9​3​(​9​9​)​0​1​7​3​5​-​4

108.	Guo H-J, Ye Y-L, Cao R et al (2024) Association between dietary 
flavonoid intake and the likelihood of frailty in middle-aged 
and older adults: a population-based analysis from the National 
Health and Nutrition Examination Survey (NHANES). The Jour-
nal of Frailty & Aging 13:359–368. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​2​8​​3​/​j​​f​a​.​2​
0​2​4​.​4​0

109.	Mosoni L, Gatineau E, Gatellier P et al (2014) High whey pro-
tein intake delayed the loss of lean body mass in healthy old rats, 
whereas protein type and polyphenol/antioxidant supplementa-
tion had no effects. PLoS One 9:e109098. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​
/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​1​0​9​0​9​8

110.	Han S, Seo K-H, Gyu Lee H, Kim H (2023) Effect of Cucumis 
melo L. peel extract supplemented postbiotics on reprograming 
gut microbiota and sarcopenia in hindlimb-immobilized mice. 
Food Res Int 173:113476. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​r​e​​s​.​2​0​​2​3​​.​
1​1​3​4​7​6

111.	Kwon I-S, Park D-S, Shin H-C et al (2021) Effects of marine 
oligomeric polyphenols on body composition and physical abil-
ity of elderly individuals with sarcopenia: a pilot study. Phys Act 
Nutr 25:1–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​0​4​6​​3​/​p​​a​n​.​2​0​2​1​.​0​0​1​4

112.	Bai C-H, Alizargar J, Peng C-Y, Wu J-P (2020) Combination of 
exercise training and Resveratrol attenuates obese sarcopenia in 
skeletal muscle atrophy. Chin J Physiol 63:101–112. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​4​​1​0​3​​/​C​J​​P​.​C​J​P​_​9​5​_​1​9

113.	Jackson JR, Ryan MJ, Alway SE (2011) Long-term supplemen-
tation with Resveratrol alleviates oxidative stress but does not 
attenuate sarcopenia in aged mice. J Gerontol A Biol Sci Med Sci 
66A:751–764. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​g​e​​r​o​n​a​/​g​l​r​0​4​7

114.	Zhou J, Liao Z, Jia J et al (2019) The effects of resveratrol feeding 
and exercise training on the skeletal muscle function and tran-
scriptome of aged rats. PeerJ 7:e7199. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​7​1​7​​/​p​e​​
e​r​j​.​7​1​9​9

115.	Liao Z-Y, Chen J-L, Xiao M-H et al (2017) The effect of exercise, 
resveratrol or their combination on sarcopenia in aged rats via 
regulation of AMPK/Sirt1 pathway. Exp Gerontol 98:177–183. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​1​7​.​0​8​.​0​3​2

116.	Joseph A-M, Malamo AG, Silvestre J et al (2013) Short-term 
caloric restriction, resveratrol, or combined treatment regimens 
initiated in late-life alter mitochondrial protein expression pro-
files in a fiber-type specific manner in aged animals. Exp Gerontol 
48:858–868. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​1​3​.​0​5​.​0​6​1

117.	Harper SA, Bassler JR, Peramsetty S et al (2021) Resveratrol and 
exercise combined to treat functional limitations in late life: A 
pilot randomized controlled trial. Exp Gerontol 143:111111. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​2​0​.​1​1​1​1​1​1

1 3

   12   Page 16 of 17

https://doi.org/10.1093/gerona/glx089
https://doi.org/10.3390/NU16213621
https://doi.org/10.3390/NU16213621
https://doi.org/10.1021/JF405635Q
https://doi.org/10.1016/J.JFF.2023.105518
https://doi.org/10.1016/J.JFF.2023.105518
https://doi.org/10.1111/1541-4337.12229
https://doi.org/10.1111/1541-4337.12229
https://doi.org/10.1186/S12944-019-0982-Y
https://doi.org/10.1016/J.MEATSCI.2014.11.014
https://doi.org/10.1016/J.TIFS.2021.02.009
https://doi.org/10.1016/J.TIFS.2021.02.009
https://doi.org/10.1016/J.FOODRES.2012.01.010
https://doi.org/10.1016/J.FOODRES.2012.01.010
https://doi.org/10.1016/J.ULTSONCH.2023.106645
https://doi.org/10.1016/J.ULTSONCH.2023.106645
https://doi.org/10.1016/J.ULTSONCH.2022.106110
https://doi.org/10.1039/D3FO02766J
https://doi.org/10.1016/j.maturitas.2017.08.009
https://doi.org/10.1016/j.maturitas.2017.08.009
https://doi.org/10.1016/J.CLNU.2022.05.008
https://doi.org/10.1016/J.CLNU.2022.05.008
https://doi.org/10.1152/AJPENDO.00328.2021
https://doi.org/10.1152/AJPENDO.00328.2021
https://doi.org/10.1155/2024/3018760
https://doi.org/10.1021/jf050343m
https://doi.org/10.1021/jf050343m
https://doi.org/10.14283/jfa.2024.73
https://doi.org/10.14283/jfa.2024.73
https://doi.org/10.1016/j.arr.2020.101200
https://doi.org/10.1016/j.arr.2020.101200
https://doi.org/10.3390/antiox9040329
https://doi.org/10.1016/j.mad.2017.08.009
https://doi.org/10.1016/S0014-5793(99)01735-4
https://doi.org/10.1016/S0014-5793(99)01735-4
https://doi.org/10.14283/jfa.2024.40
https://doi.org/10.14283/jfa.2024.40
https://doi.org/10.1371/journal.pone.0109098
https://doi.org/10.1371/journal.pone.0109098
https://doi.org/10.1016/j.foodres.2023.113476
https://doi.org/10.1016/j.foodres.2023.113476
https://doi.org/10.20463/pan.2021.0014
https://doi.org/10.4103/CJP.CJP_95_19
https://doi.org/10.4103/CJP.CJP_95_19
https://doi.org/10.1093/gerona/glr047
https://doi.org/10.7717/peerj.7199
https://doi.org/10.7717/peerj.7199
https://doi.org/10.1016/j.exger.2017.08.032
https://doi.org/10.1016/j.exger.2017.08.032
https://doi.org/10.1016/j.exger.2013.05.061
https://doi.org/10.1016/j.exger.2020.111111
https://doi.org/10.1016/j.exger.2020.111111


From molecular mechanisms to nutritional applications: protein and polyphenol interventions in sarcopenia

in Chilean vitamin D deficient elderly subjects. Exp Gerontol 
41:746–52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​g​e​r​.​2​0​0​6​.​0​5​.​0​0​1

146.	Mathers JC (2015) Impact of nutrition on the ageing process. Br 
J Nutr 113(Suppl):S18–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​1​4​
0​0​3​2​3​7

147.	Ryan AS, Li G (2021) Skeletal muscle myostatin gene expression 
and sarcopenia in overweight and obese middle-aged and older 
adults. JCSM Clinical Reports 6:137–142. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
2​​/​c​r​​t​2​.​4​3

148.	Whittemore L-A, Song K, Li X et al (2003) Inhibition of myo-
statin in adult mice increases skeletal muscle mass and strength. 
Biochem Biophys Res Commun 300:965–971. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​S​0​​0​0​6​-​2​9​1​X​(​0​2​)​0​2​9​5​3​-​4

149.	Affourtit C, Carré JE (2024) Mitochondrial involvement in sarco-
penia. Acta Physiol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​a​p​​h​a​.​1​4​1​0​7

150.	Halling JF, Pilegaard H (2020) PGC-1α-mediated regulation of 
mitochondrial function and physiological implications. Appl 
Physiol Nutr Metab 45:927–936. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​9​​/​a​p​​n​m​-​2​
0​2​0​-​0​0​0​5

151.	Strasser B, Ticinesi A (2022) Intestinal microbiome in normal 
ageing, frailty and cognition decline. Curr Opin Clin Nutr Metab 
Care. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​M​C​​O​.​0​0​0​0​0​0​0​0​0​0​0​0​0​8​7​8

152.	Picca A, Fanelli F, Calvani R et al (2018) Gut dysbiosis and mus-
cle aging: searching for novel targets against sarcopenia. Media-
tors Inflamm 2018:1–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​1​8​/​7​0​2​6​1​9​8

153.	D’Amico F, Barone M, Brigidi P, Turroni S (2023) Gut micro-
biota in relation to frailty and clinical outcomes. Curr Opin Clin 
Nutr Metab Care 26:219–225. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​M​C​​O​.​0​0​0​
0​0​0​0​0​0​0​0​0​0​9​2​6

154.	Weng S, Gao F, Wang J et al (2020) Improvement of muscular 
atrophy by AAV–SaCas9-mediated myostatin gene editing in 
aged mice. Cancer Gene Ther 27:960–975. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​
8​​/​s​4​​1​4​1​7​-​0​2​0​-​0​1​7​8​-​7

155.	Wohlwend M, Laurila P-P, Williams K et al (2021) 
The exercise-induced long noncoding RNA <Emphasis 
Type="Italic">CYTOR</Emphasis> promotes fast-twitch myo-
genesis in aging. Sci Transl Med. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​t​r​a​n​s​
l​m​e​d​.​a​b​c​7​3​6​7

156.	Serra-Prat M, Lorenzo I, Palomera E et al (2019) Total body 
water and intracellular water relationships with muscle strength, 
frailty and functional performance in an elderly population. A 
cross-sectional study. J Nutr Health Aging 23:96–101. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​6​0​3​-​0​1​8​-​1​1​2​9​-​y

157.	Landi F, Marzetti E, Liperoti R et al (2013) Nonsteroidal anti-
inflammatory drug (NSAID) use and sarcopenia in older people: 
results from the ilSIRENTE study. J Am Med Dir Assoc 14:626.
e9–626.e13. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​j​a​​m​d​a​.​​2​0​1​​3​.​0​4​.​0​1​2

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

134.	Coelho-Junior HJ, Calvani R, Azzolino D et al (2022) Protein 
intake and sarcopenia in older adults: a systematic review and 
meta-analysis. Int J Environ Res Public Health. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​3​9​0​​/​i​j​​e​r​p​h​1​9​1​4​8​7​1​8

135.	Gkekas NK, Anagnostis P, Paraschou V et al (2021) The effect 
of vitamin D plus protein supplementation on sarcopenia: a sys-
tematic review and meta-analysis of randomized controlled trials. 
Maturitas 145:56–63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​a​t​​u​r​i​​t​a​s​.​​2​0​​2​1​.​0​1​
.​0​0​2

136.	Liu S, Zhang L, Li S (2023) Advances in nutritional supplementa-
tion for sarcopenia management. Front Nutr 10:1189522. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​u​t​.​2​0​2​3​.​1​1​8​9​5​2​2

137.	Batista RAB, de Branco FMS, Nehme R et al (2022) Associa-
tion between plasma omega-3 and handgrip strength according 
to glycohemoglobin levels in older adults: results from NHANES 
2011–2012. Nutrients. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​4​1​9​4​0​6​0

138.	Lam CN, Watt AE, Isenring EA et al (2021) The effect of oral 
omega-3 polyunsaturated fatty acid supplementation on muscle 
maintenance and quality of life in patients with cancer: a system-
atic review and meta-analysis. Clin Nutr 40:3815–3826. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​2​1​.​0​4​.​0​3​1

139.	Troesch B, Eggersdorfer M, Laviano A et al (2020) Expert opin-
ion on benefits of long-chain omega-3 fatty acids (DHA and EPA) 
in aging and clinical nutrition. Nutrients. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​
n​u​​1​2​0​9​2​5​5​5

140.	Karim A, Muhammad T, Shahid Iqbal M, Qaisar R (2022) A 
multistrain probiotic improves handgrip strength and functional 
capacity in patients with COPD: a randomized controlled trial. 
Arch Gerontol Geriatr 102:104721. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​r​c​​
h​g​e​​r​.​2​0​​2​2​​.​1​0​4​7​2​1

141.	Ticinesi A, Nouvenne A, Cerundolo N et al (2019) Gut micro-
biota, muscle mass and function in aging: a focus on physical 
frailty and sarcopenia. Nutrients. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​1​0​7​
1​6​3​3

142.	Kim HK, Suzuki T, Saito K et al (2012) Effects of exercise and 
amino acid supplementation on body composition and physical 
function in community-dwelling elderly Japanese sarcopenic 
women: a randomized controlled trial. J Am Geriatr Soc 60:16–
23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​5​3​​2​-​5​​4​1​5​.​​2​0​​1​1​.​0​3​7​7​6​.​x

143.	Bonnefoy M, Cornu C, Normand S et al (2003) The effects of 
exercise and protein-energy supplements on body composition 
and muscle function in frail elderly individuals: a long-term con-
trolled randomised study. Br J Nutr 89:731–739. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​7​9​​/​B​J​​N​2​0​0​3​8​3​6

144.	Rodacki CLN, Rodacki ALF, Pereira G et al (2012) Fish-oil sup-
plementation enhances the effects of strength training in elderly 
women. Am J Clin Nutr 95:428–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​
1​1​1​.​0​2​1​9​1​5

145.	Bunout D, Barrera G, Leiva L et al (2006) Effects of vitamin D 
supplementation and exercise training on physical performance 

1 3

Page 17 of 17     12 

https://doi.org/10.1016/j.exger.2006.05.001
https://doi.org/10.1017/S0007114514003237
https://doi.org/10.1017/S0007114514003237
https://doi.org/10.1002/crt2.43
https://doi.org/10.1002/crt2.43
https://doi.org/10.1016/S0006-291X(02)02953-4
https://doi.org/10.1016/S0006-291X(02)02953-4
https://doi.org/10.1111/apha.14107
https://doi.org/10.1139/apnm-2020-0005
https://doi.org/10.1139/apnm-2020-0005
https://doi.org/10.1097/MCO.0000000000000878
https://doi.org/10.1155/2018/7026198
https://doi.org/10.1097/MCO.0000000000000926
https://doi.org/10.1097/MCO.0000000000000926
https://doi.org/10.1038/s41417-020-0178-7
https://doi.org/10.1038/s41417-020-0178-7
https://doi.org/10.1126/scitranslmed.abc7367
https://doi.org/10.1126/scitranslmed.abc7367
https://doi.org/10.1007/s12603-018-1129-y
https://doi.org/10.1007/s12603-018-1129-y
https://doi.org/10.1016/j.jamda.2013.04.012
https://doi.org/10.3390/ijerph19148718
https://doi.org/10.3390/ijerph19148718
https://doi.org/10.1016/j.maturitas.2021.01.002
https://doi.org/10.1016/j.maturitas.2021.01.002
https://doi.org/10.3389/fnut.2023.1189522
https://doi.org/10.3389/fnut.2023.1189522
https://doi.org/10.3390/nu14194060
https://doi.org/10.1016/j.clnu.2021.04.031
https://doi.org/10.1016/j.clnu.2021.04.031
https://doi.org/10.3390/nu12092555
https://doi.org/10.3390/nu12092555
https://doi.org/10.1016/j.archger.2022.104721
https://doi.org/10.1016/j.archger.2022.104721
https://doi.org/10.3390/nu11071633
https://doi.org/10.3390/nu11071633
https://doi.org/10.1111/j.1532-5415.2011.03776.x
https://doi.org/10.1079/BJN2003836
https://doi.org/10.1079/BJN2003836
https://doi.org/10.3945/ajcn.111.021915
https://doi.org/10.3945/ajcn.111.021915

	﻿From molecular mechanisms to nutritional applications: protein and polyphenol interventions in sarcopenia
	﻿Abstract
	﻿Introduction
	﻿Pathophysiology of sarcopenia
	﻿Muscle atrophy mechanisms in sarcopenia
	﻿Molecular pathways involved in muscle atrophy
	﻿Role of oxidative stress and inflammation in sarcopenia

	﻿Role of protein in sarcopenia
	﻿Anabolic resistance in skeletal muscle
	﻿ Dietary protein recommendations for older adults
	﻿Effect of protein quality on skeletal muscle anabolism

	﻿Role of polyphenols in sarcopenia
	﻿Antioxidant properties of polyphenols
	﻿Immunomodulation and preservation of muscle integrity
	﻿Polyphenols and muscle: evidence from animal and human studies

	﻿Synergistic effects of protein and polyphenols
	﻿Other strategies for sarcopenia management
	﻿Other nutritional strategies
	﻿Role of exercise in combination with nutrition

	﻿Emerging trends and future research directions
	﻿Conclusion
	﻿References


