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A B S T R A C T   

Sarcopenia is a geriatric condition characterized by a progressive loss of skeletal muscle mass and strength, with 
an increased risk of adverse health outcomes (e.g., falls, disability, institutionalization, reduced quality of life, 
mortality). Pharmacological remedies are currently unavailable for preventing the development of sarcopenia, 
halting its progression, or impeding its negative health outcomes. The most effective strategies to contrast sar
copenia rely on the adoption of healthier lifestyle behaviors, including adherence to high-quality diets and 
regular physical activity. In this review, the role of nutrition in the prevention and management of sarcopenia is 
summarized. Special attention is given to current “blockbuster” dietary regimes and agents used to counteract 
age-related muscle wasting, together with their putative mechanisms of action. Issues related to the design and 
implementation of effective nutritional strategies are discussed, with a focus on unanswered questions on the 
most appropriate timing of nutritional interventions to preserve muscle health and function into old age. A brief 
description is also provided on new technologies that can facilitate the development and implementation of 
personalized nutrition plans to contrast sarcopenia.   

1. Introduction 

Sarcopenia is the term coined to define an age-related condition 
characterized by a supraphysiologic loss of muscle mass and strength 
[1]. Sarcopenia increases the risk of negative health outcomes, such as 
falls, hospitalization, institutionalization, disability, and death [2,3]. 
Sarcopenia may also impact the prognosis of other chronic conditions, 
such as cancer [4,5], diabetes [6], and heart failure [7]. Due to its 
clinical relevance, sarcopenia was recognized in 2016 as an independent 
nosological entity with an International Classification of Diseases-10 

code [8]. 
Several operational definitions of sarcopenia have been proposed 

over the years, with diagnostic algorithms varying according to the 
relevance attributed to strength/function parameters [1,9,10]. Regard
less of each definition's peculiarities, all identify muscle failure as the 
biological substratum of sarcopenia. According to the latest diagnostic 
criteria by the European Working Group on Sarcopenia in Older People 2 
(EWGSOP2) [11], low muscle strength is the cardinal element of sar
copenia, low muscle quantity or quality is necessary to confirm the 
diagnosis, and poor physical performance serves as an indicator of 

Abbreviations: AMPK, AMP-activated protein kinase; BMAL1, Brain and Muscle ARNT-like protein 1; BMI, Body Mass Index; BW, Body Weight; CRP, C-Reactive 
Protein; CASTOR1, Cytosolic Arginine Sensor for mTORC1 subunit 1; DIAAS, Digestible Indispensable Amino Acid Score; DHA, Docosahexaenoic Acid; EPA, 
Eicosapentaenoic Acid; eIF4, Eukaryotic Initiation Ractor 4; EWGSOP2, European Working Group on Sarcopenia in Older People 2; ECW, Extracellular Water; FAO/ 
WHO/UN, Food and Agriculture Organization/World Health Organization/United Nations; GH, Growth Hormone; HMB, β-Hydroxy-β-Methyl Butyrate; IAAO, In
dicator Amino Acid Oxidation; IGF-1, Insulin Growth Factor-1; IL-6, Interleukin-6; ICW, Intracellular Water; KHANES, Korea National Health and Nutrition Ex
amination Survey; mTORC1, Mechanistic Target of Rapamycin (mTOR) Complex 1; MPD, Muscle Protein Degradation; MPS, Muscle Protein Synthesis; Murf1, Muscle 
RING-finger protein-1; NHANES, National Health and Nutrition Examination Survey; NAD, Nicotinamide Adenine Dinucleotide; NO, Nitric Oxide; PUFA, Poly
Unsaturated Fatty Acid; ROS/NRS, Reactive Oxygen and Nitrogen Species; RDA, Recommended Dietary Allowance; S6K, Ribosomal Protein S6 Kinase; SPPB, Short 
Physical Performance Battery; VDR, Vitamin D Receptor. 

* Corresponding author at: Fondazione Policlinico Universitario “Agostino Gemelli” IRCCS, Largo Agostino Gemelli, 8, 00168 Rome, Italy. 
E-mail addresses: riccardo.calvani@unicatt.it (R. Calvani), picca@lum.it (A. Picca), matteo.tosato@policlinicogemelli.it (M. Tosato), emanuele.marzetti@unicatt. 

it (E. Marzetti), francesco.landi@unicatt.it (F. Landi).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Metabolism 

journal homepage: www.journals.elsevier.com/metabolism 

https://doi.org/10.1016/j.metabol.2023.155637 
Received 25 April 2023; Received in revised form 5 June 2023; Accepted 15 June 2023   

mailto:riccardo.calvani@unicatt.it
mailto:picca@lum.it
mailto:matteo.tosato@policlinicogemelli.it
mailto:emanuele.marzetti@unicatt.it
mailto:emanuele.marzetti@unicatt.it
mailto:francesco.landi@unicatt.it
www.sciencedirect.com/science/journal/00260495
https://www.journals.elsevier.com/metabolism
https://doi.org/10.1016/j.metabol.2023.155637
https://doi.org/10.1016/j.metabol.2023.155637
https://doi.org/10.1016/j.metabol.2023.155637
http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2023.155637&domain=pdf


Metabolism 146 (2023) 155637

2

Fig. 1. Main pathways that regulate the mammalian target of rapamycin complex 1 (mTORC1) pathway. mTORC1 can be activated by growth factors (e.g., insulin- 
like growth factor 1, insulin), nutrients (e.g., amino acids), and exercise. Growth factors engage mTORC1 through a PI3K-Akt-dependent pathway, that involves TSC 
complex inhibition. Amino acids activate RAG proteins and the Ragulator complex, that in turn facilitates mTORC1 recruitment to the lysosome. Sestrins 1 and 2 
function as cytosolic sensors of leucine. The binding of leucine to Sestrins induces their dissociation from GATOR2, leading to RAG/Ragulator activation. Arginine 
binds CASTOR1, a cytosolic arginine sensor, and enables the release of GATOR2 to activate mTORC1 via Ragulator. Arginine can also activate mTORC1 through its 
lysosomal transporter SLC38A9 which interacts with the Ragulator complex. Exercise, in particular resistance training, activates mTORC1 via mechanical and non- 
mechanical stimuli transduced by TSC2 and Rheb. Upon activation, mTORC1 phosphorylates ribosomal proteins S6K and 4E-BP1, and the lysosomal transcription 
factor TFEB to stimulate anabolism and inhibit autophagy. Low cellular energy (high AMP/ATP ratio) activates AMPK leading to TSC-mediated mTORC1 inhibition. 
Abbreviations. Akt, protein kinase B; AMPK, AMP-activated protein kinase; CASTOR1, cytosolic arginine sensor for mTORC1 subunit 1; 4E-BP1, eIF4E-binding 
protein 1; GATOR, GAP activity toward Rags; PI3K, phosphoinositide 3 kinase; RAG, Ras-related GTPase; Rheb, RAS homologue enriched in brain; S6K, S6 ki
nase; TFEB, transcription factor EB; TSC, tuberous sclerosis protein; SLC, solute carrier. 
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disease severity. The prevalence of sarcopenia and severe sarcopenia 
varies between 10% and 27% and between 2% and 9%, respectively, 
with different sex distributions depending on the definition used [12]. 

From a pathophysiological point of view, sarcopenia may be 
considered a prototypical geriatric condition characterized by pertur
bations at multiple levels, from subcellular processes within skeletal 
myocytes to social and environmental factors [13–15]. During aging, the 
homeostasis of the skeletal muscle tissue is altered due to an imbalance 
between anabolic and catabolic processes, which results in loss of 
myofibers and their partial replacement by fat and fibrous tissue 
[16,17]. 

The reduction in size and number mainly affects type II fibers. This 
occurs through synergistic effects of different processes, such as pro
gressive loss of motor neurons, fast-to-slow myosin isoform transition 
(type II to type I fiber switch), and satellite cell depletion [16,18,19]. 
Alterations in most biological “hallmarks of aging”, including chronic 
inflammation, mitochondrial dysfunction, dysbiosis, cellular senes
cence, and defective macroautophagy, have been described in older 
adults with sarcopenia [20–22]. In this context, a deregulated nutrient- 
sensing network plays a relevant role. This entails a disrupted somato
trophic axis, insulin resistance, and perturbations in the network of re
ceptor tyrosine kinases and intracellular signaling cascades through 
which growth hormone (GH) and insulin growth factor-1 (IGF-1) regu
late muscle anabolic pathways and overall cellular metabolism [23,24]. 

The regulation of muscle plasticity and trophism is attributed to 
antagonistic actions of mechanistic target of rapamycin (mTOR), which 
stimulates protein synthesis, and AMP-activated protein kinase (AMPK), 
which inhibits mTOR and promotes catabolism (Fig. 1). The role of the 
mTOR-AMPK dyad in skeletal muscle aging is complex and multifaceted. 
During aging, mTOR hyperactivation may impair muscle protein syn
thesis (MPS) and trigger muscle protein degradation (MPD) [24]. This is 
corroborated by preclinical evidence showing that mTOR inhibitors, 
such as rapamycin, prevent age-related muscle loss [25]. Moreover, well 
recognized anti-aging interventions, such as calorie restriction, activate 
AMPK to induce several cellular processes, including autophagy and 
mitochondrial biogenesis, which are critical for the preservation of 
muscle into old age [26]. 

Preclinical and clinical evidence suggests that an altered crosstalk 
between muscle and other tissues and organs (e.g., fat, bone, liver) has a 
significant role in the development and progression of sarcopenia 
[27–29]. Muscle-organ crosstalk is mediated by tissue-specific mole
cules (e.g., myokines, adipokines, osteokines, hepatokines) that act in an 
autocrine, paracrine, and endocrine manner to influence various pro
cesses associated with muscle wasting [30]. However, the role of indi
vidual biomolecules in the pathogenesis of sarcopenia has yet to be 
elucidated. 

A comprehensive review of the biological factors underlying sarco
penia is beyond the scope of this manuscript and exhaustive reviews are 
available that explore this topic in detail [16,30,31]. 

Polypharmacy, the use of multiple concurrent medications, is highly 
prevalent in older adults and is associated with multiple negative health 
outcomes [32]. A bidirectional relationship exists between poly
pharmacy and sarcopenia, whereby specific drugs, including glucocor
ticoids, chemotherapeutics, and beta-blockers, may induce muscle 
weakness and atrophy, while reduced muscle mass and quality may 
influence drug distribution and metabolism [33,34]. 

Lastly, other non-biological factors, such as depression, social 
isolation (e.g., living alone, lack of social activities), and environmental 
factors (e.g., neighborhood safety, access to public transportation), are 
associated with an increased risk of sarcopenia [14,15]. 

The intricate relationships between those putative causal factors and 
the incomplete understanding of the individual contribution of each 
cellular mechanism to the pathogenesis of sarcopenia have hindered the 
identification of effective pharmacological interventions to prevent or 
manage the condition. Changes in muscle mass and strength/function 
show similar, though not overlapping, trajectories over time, with a 

sharp increase and a peak in young adulthood, a slow decline from 40 to 
45 years, and a steep drop later in life [35,36]. It follows that strategies 
to counteract sarcopenia should be started early and continued 
throughout life. Not surprisingly, the most effective interventions to 
contrast sarcopenia rely on the adoption of healthy lifestyles, including 
the consumption of high-quality diets and engagement in physical ac
tivity routines [37]. In this review, the current knowledge on the role of 
nutrition in the prevention and management of sarcopenia is summa
rized. The focus is placed on current nutritional recommendations to 
counteract age-related muscle wasting, together with the mechanisms of 
action of the main dietary agents. Issues related to the design and 
implementation of effective nutritional strategies are discussed, 
including the definition of their best timing to preserve muscle ho
meostasis and function into old age. Finally, we briefly elaborate on 
emerging technologies and how they might be used to build and 
implement individualized dietary strategies to combat sarcopenia in 
older persons. 

2. Nutritional recommendations to counteract sarcopenia 

Older adults are at increased risk of malnutrition [38]. A substantial 
decline in food intake occurs with age [39], which is paralleled by a 
reduction in resting energy expenditure [40], mainly due to decreases in 
muscle mass. The average food consumption is estimated to drop by 
approximately 25% between the ages of 40 and 70 [41]. Daily energy 
intake can be reduced by as much as 1300 kcal in men and 600 kcal in 
women [42], which often leads to energy supplies below the recom
mended reference values [43]. 

Anorexia of aging is the term used to describe the reduction in 
appetite and food intake that frequently occurs in older adults [44]. 
About 20% of those older than 65 suffer from this condition, although 
figures may vary depending on sex, setting, and comorbidities [44]. 
Central and peripheral processes contribute to development of anorexia 
aging [44]. Impaired sensory perception, including declines in sight, 
smell, and taste, poor oral health (e.g., oral cavity inflammation, ill- 
fitting dentures, low number of functional teeth), and swallowing 
problems adversely affect eating behaviors and limit food choices, which 
may eventually increase the risk of malnutrition [44]. Physiological 
changes associated with aging of the gastrointestinal system, such as 
delayed gastric emptying, altered appetite-regulating hormonal signals 
(e.g., high levels of satiety-inducing cholecystokinin and low circulating 
ghrelin), and inflammaging (i.e., age-related chronic, low-grade 
inflammation), have also been associated with anorexia of aging 
[45,46]. Neurological disorders, acute and chronic diseases, and in
flammatory conditions as well as polypharmacy may further favor 
malnutrition [47,48]. 

Malnutrition in older adults is mostly referred to as a failure to meet 
either energy or individual nutrient requirements, which predisposes to 
sarcopenia [49]. However, the malnutrition spectrum also entails 
overnutrition, which may lead to metabolic disturbances and obesity. 
The latter is becoming a public health concern also in older people [50]. 
Data from the National Health and Nutrition Examination Survey 
(NHANES) showed that the prevalence of obesity (i.e., body mass index 
[BMI] ≥30 kg/m2) in US citizens 70 years and older increased from 
26.2% in 2003/2004 to 40.3% in 2017/2018 [51]. Similar trends were 
observed in Europe and developing countries, though with lower prev
alence figures. [52–54]. 

The co-existence of excess adiposity and sarcopenia is referred to as 
sarcopenic obesity, which combines the health-damaging effects of the 
two conditions and is associated with an increased risk of frailty, 
reduced quality of life, and mortality [55]. However, current nutritional 
guidelines recommend careful and individual weighing of risks and 
benefits before prescribing weight-reducing diets in obese older adults, 
due to the risk of lean mass loss and further functional decline [43]. If 
weight reduction is considered, energy restriction should be moderate 
(~500 kcal/d less than estimated needs) to reach a weight loss target of 
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about 5-10% of initial body weight (BW) after six months or more. 
Protein intake of at least 1 g/kg BW/d as well as an adequate intake of 
micronutrients should be assured and combined with exercise training 
(whenever possible) to preserve muscle mass [43,56]. 

Besides malnutrition, dehydration is a critical, but often overlooked 
phenomenon, associated with negative health outcomes in older adults 
[57]. Dehydration may be caused by various age-related processes, such 
as reduced thirst sensation [58], changes in renal function [59], and use 
of diuretics or other medications affecting body water [60]. Hydration 
status influences cognitive [61] and physical function [62], especially in 
more frail and vulnerable people. 

Most national and international societies of clinical nutrition and 
experts' groups issued guidelines and recommendations to promote 
healthy diet and prevent malnutrition and dehydration in older adults 
[43,63,64]. Nutritional guidelines include basic general principles, such 
as simplified targets for daily energy intake (i.e., 30 kcal/kg/BW), pro
tein intake (at least 1.0 g/kg BW) (Table 1), and hydration (at least 1.6 L 
and 2.0 L of water). 

Guidelines and recommendations also emphasize that nutritional 
interventions should be individualized and use a multidimensional 
approach, ad hoc screening/assessment cycles, and targets to be moni
tored over time. The definition of nutritional targets should be based on 
individual parameters (e.g., total energy requirements, calculated from 
resting energy expenditure multiplied by physical activity levels), and 
requires a close monitoring of BW to adapt both energy and protein 
intakes [43]. 

Yet, recent evidence pointed out that achieving optimal nutritional 
goals is particularly challenging for older adults. For instance, a meta- 
analysis using data of 8107 community-dwelling older adults from the 
PRevention Of Malnutrition In Senior Subjects in the EU (PROMISS) 
project showed that the prevalence of protein intake below 0.8, 1.0, and 
1.2 g/kg BW/d was 29.1%, 54.3%, and 75.7%, respectively [71]. A 
lower adherence to nutrition recommendations is especially frequent in 
institutionalized older adults [72]. 

In the following sections, nutritional recommendations to maintain 
muscle mass, strength, and function in older adults are discussed, with a 
focus on diet quality, protein and fluid intake, and a glance on novel 
nutritional agents. 

2.1. Dietary quality and dietary patterns 

Dietary prescription to counteract sarcopenia should provide suffi
cient calories, ensure the right intake of nutrients according to indi
vidual characteristics (e.g., age, sex, comorbidities, concomitant 
therapies, physical activity levels), be administered at the right time, 
and for a sufficient time to affect muscle health [73]. Most studies 
testing nutritional interventions against sarcopenia have focused on the 
use of individual nutrients or food groups, such as protein or vitamin D, 
or supplements containing multiple substances [74]. However, diets are 
not simply the sum of individual nutritional agents; rather, each dietary 

pattern implies complex interactions between its constituents, which 
may have synergistic or antagonistic effects on health parameters [75]. 
Indeed, diet quality and dietary patterns are increasingly considered in 
nutritional studies on sarcopenia [76,77]. Various indices have been 
developed to assess dietary quality in older adults, which are based on 
the consumption of “healthier” food groups (e.g., whole grains, fruits, 
vegetables), the content of nutrients particularly relevant to aging in
dividuals (e.g., protein, vitamin D, calcium, vitamin B12, folate, fluids), 
and macronutrients and fatty acid ratio intake [78,79]. Older adults on 
higher-quality diets show reduced levels of inflammatory and car
diometabolic risk markers, and have a lower risk of negative health 
outcomes, including limitations in activities of daily living, depression, 
and mortality, compared with those with poor quality diet scores 
[79–82]. High-quality diets are also associated with better physical 
function and reduced risk of sarcopenia [83–85]. In addition, high- 
quality diets, such as Mediterranean and Nordic diets, are frequently 
linked to adherence to health-promoting lifestyle patterns [86]. 

Healthy dietary patterns are prevalently “plant-based” and imply the 
ingestion of protein from plant sources, high intake of fruits and vege
tables, nuts and seeds, daily use of olive or vegetable oil (e.g., canola oil) 
as the primary fat source, and limited consumption of red meat and 
processed foods [86]. Their high content in bioactive substances, such as 
phytosterols, polyphenols, pigments, polyunsaturated fatty acids 
(PUFAs), confer anti-inflammatory and antioxidant properties, which 
protect against chronic degenerative diseases (e.g., cardiovascular dis
ease [87], diabetes [88], dementia [89], cancer [90]). Recent evidence 
suggests that a high Mediterranean diet adherence is associated with 
greater muscle strength and function, and reduced risk of sarcopenia 
[91,92]. The muscle-protective properties of the Mediterranean diet are 
thought to be linked to its balanced content of vitamins (e.g., vitamin E 
and C, carotenoids) and phytochemicals with antioxidants properties 
[93]. These nutrients reduce the damage inflicted by reactive oxygen 
and nitrogen species (ROS/NRS), while preserving hormetic responses 
to physiological, low doses of ROS and RNS [94]. Inflammation, either 
acute or chronic, induces muscle protein breakdown [95], interferes 
with anabolic signals and protein synthesis [96], impairs quality control 
(e.g., autophagy) [97] and regeneration processes [98], and is associ
ated with reduced muscle strength [99]. Polyphenols, dietary fibers, and 
mono- and PUFAs attenuate systemic inflammation by reducing the 
synthesis of pro-inflammatory mediators, such as C-reactive protein 
(CRP), interleukin-6 (IL-6) and fibrinogen, and by modulating gut 
microbiota [100]. 

Most available evidence is based on observational studies using di
etary information collected late in life and heterogeneous diet quality 
indices and definitions of sarcopenia. Hence, substantial knowledge 
gaps are still to be addressed [76]. As previously mentioned, adherence 
to high-quality diet and health-promoting dietary patterns is often 
associated with other healthy lifestyle habits (e.g., engagement in 
physical and social activities). Therefore, teasing out the effects of diet 
from those of other factors is challenging and needs to be considered in 
the design and result interpretation of clinical trials on the subject [76]. 

2.2. Protein and amino acids 

Dietary protein supplies amino acids to support MPS and maintain 
muscle mass across all life stages [101]. 

Current recommendations for daily protein intake in healthy adults 
range from 0.8 to 0.9 g protein/kg BW, with slight variations between 
national and international organizations (Table 1). For instance, in USA 
and Canada the Recommended Dietary Allowance (RDA) for protein is 
0.8 g/kg BW/d [70], while the European Food Safety Authority and 
FAO/WHO/UN recommend an intake of 0.83 g/kg BW/d [65,68]. 

Recommendations, which are the same for all individuals 18+ year- 
old irrespective of age and sex, are based on nitrogen balance studies. 
Concerns have been raised about the reliability of this method for 
assessing protein requirements in older adults. Short-term nitrogen 

Table 1 
Recommendations by national and international organizations and experts' 
panels for daily protein intake in older adults.  

Organizations Daily protein 
intake (g/kg 
body weight) 

World Health Organization (WHO)[65] 0.83 
Australian National Health and Medical Research Council 

(NHMRC)/New Zealand Ministry of Health (MoH) [66] 
Women 
0.94 

Men 
1.07 

Chinese Nutrition Society [67] 1.0 
European Food Safety Authority (EFSA) [68] 0.83 
European Society for Clinical Nutrition and Metabolism (ESPEN) 

[43] 
1.0 

PROT-AGE Study Group [69] 1.0-1.2 
USA [70] 0.80  
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balance studies may not detect changes in muscle protein turnover 
associated with age-related phenomena, such as a greater splanchnic 
extraction of amino acids [102] and anabolic resistance [103]. In 
addition, clinically relevant outcomes, including the preservation of 
muscle mass and function over time and changes in protein re
quirements during acute or chronic illnesses, are disregarded 
[69,102,104]. Other methods for determining protein requirements, 
such as the indicator amino acid oxidation (IAAO), estimated that the 
minimal daily protein intake for older adults should be 1.2 g/kg BW 
[105]. 

This view is supported by epidemiological and experimental evi
dence indicating that older adults may require protein intake greater 
than the RDA to support MPS and maintain muscle mass. Seminal evi
dence from the Health, Aging, and Body Composition Study showed that 
older community-dwellers whose diet contained around 1.2 g protein/ 
kg BW/d lost 40% less appendicular lean mass over a three-year follow- 
up than those ingesting 0.8 g protein/kg BW/d [106]. A protein intake of 
approximately 1.2 g/kg BW/d was also found to protect against loss of 
grip strength in two independent cohorts from the Women's Health 
Initiative and the Framingham Offspring study [107,108]. Finally, 
recent systematic reviews and meta-analyses showed that protein in
takes higher than the RDA were associated with better physical function 
and reduced risk of sarcopenia [109,110]. 

Stable isotope tracer studies demonstrated that MPS in the post
absorptive state did not differ between young and older adults. How
ever, MPS in response to the ingestion of 20 g of protein was 16% lower 
in those 75+ than in healthy young adults [111]. 

Based on these observations, several expert groups issued nutritional 
recommendations to maintain and/or improve lean body mass and 
function in old age, suggesting daily protein intakes of at least 1.0-1.2 g/ 
kg BW in healthy persons, 1.2-1.5 g/kg BW in those with acute or 
chronic diseases, and up to 2.0 g/kg BW in cases of severe illnesses, 
injuries, or malnutrition [69,112,113]. 

Specific recommendations have also been proposed for older adults 
who are engaged in exercise training [69]. A daily intake of at least 1.2 g 
protein/kg BW is recommended, with a high-protein meal or 20-g pro
tein supplement to be consumed soon after exercise sessions. This could 
maximize muscle anabolic responses, since both exercise (in particular 
resistance training) and specific amino acids (vide infra) synergistically 
stimulate mTOR and, hence, MPS [24,114] (Fig. 1). 

Protein quality is an additional parameter to consider for preserving 
muscle health in older adults. Protein quality may be expressed using the 
digestible indispensable amino acid score (DIAAS), which is based on 
ileal digestibility of protein and provides a metric of systemic bioavail
ability of indispensable amino acids from specific foods, mixed meals, or 
supplements [115]. Most animal food sources supply protein with 
excellent quality (DIAAS ≥100), soy and whey fall into the high-quality 
category (DIAAS = 75–99), while most plant sources have DIAAS scores 
<75 [116]. However, plant-derived protein combinations (e.g., potato, 
soy, pea) may reach excellent quality scores [116]. 

Leucine content is a key “protein quality” factor. Leucine stimulates 
MPS through the activation of a signaling cascade involving the mech
anistic target of rapamycin (mTOR) complex 1 (mTORC1), eukaryotic 
initiation factor 4 (eIF4), and ribosomal protein S6 kinase (S6K) 
[114,117] (Fig. 1). The ingestion of leucine-rich foods or milk-based 
products may be recommended in the setting of lower protein intake 
(e.g., anorexia, severe renal disease) or marked catabolism (e.g., pro
longed bedrest, intensive care) [118]. 

The feeding pattern is also relevant to adequately stimulate MPS. 
Debate is ongoing as to whether a skewed or even protein distribution 
across meals should be preferred to maximize muscle health in advanced 
age [119]. However, current recommendations encourage older persons 
to ingest 25– 30 g of high-quality protein with at least 2.5 g leucine at 
each meal [69,120]. 

Besides leucine, other amino acids and derivatives stimulate MPS 
through an mTORC1-dependent signaling cascade [114,117]. 

β-hydroxy-β-methyl butyrate (HMB) is a metabolite of leucine that 
stimulates MPS and inhibits proteolysis [121]. Early investigations 
showed that HMB supplementation preserved muscle mass in healthy 
older adults after 10 days of bed rest [122] and in institutionalized older 
patients [123]. However, recent systematic reviews reported only minor 
effects of HMB supplementation in attenuating losses of lean mass in 
older adults, while results on physical function and strengths were 
inconclusive [124,125]. Potential mechanistic redundancy exists be
tween HMB its precursor leucine [126]; thus, it is unclear whether HMB 
supplementation conveys additional benefits in case of sufficient leucine 
supply. 

Arginine has been reported to activate mTORC1 through binding to 
cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1) [114,117]. 
Arginine supplementation increases MPS in animal models [127], im
proves aerobic and anaerobic performance in athletes [128], and has 
positive effects on physical function in chronic disease states, such as 
chronic lung disease [129] and congestive heart failure [130]. 
Furthermore, 28-day arginine supplementation increased walking per
formance, muscle strength, endothelial function, and fatigue in adults 
with long COVID [131], a condition associated with accelerated bio
logical aging. 

Several preclinical investigations suggest that other amino acids, 
such as lysine [132], glycine [133], glutamine [134], and glutamic acid 
[135], may positively affect muscle homeostasis. However, the amino 
acid blend with the most favorable muscle-protective properties is yet to 
be established. 

As a whole, existing evidence suggests that the ingestion of a mod
erate amount (25-30 g) of high-quality protein (high in leucine and 
indispensable amino acids) at every meal should be advised to support 
muscle health in older adults. Protein intake should be part of a multi
component lifestyle program that includes physical activity, in partic
ular resistance training, which is the main anabolic stimulus for muscle 
mass accretion and the key intervention to preserve muscle strength and 
function [136,137]. Older adults should be advised to consume protein- 
rich meals in close proximity to their exercise routines [138]. During 
periods of acute catabolism (e.g., bed rest due to an illness) or inability 
to engage in physical activity, a greater protein intake is instrumental in 
protecting skeletal muscle [139]. When dietary protein intake is inad
equate, protein/amino acid supplementation should be considered. 

2.3. Hydration 

Water is the main constituent of human body and accounts for 
approximately 75% of muscle mass [140]. Body water has critical 
physiological, structural, and mechanical functions [141]. Hydration 
status depends on the balance between water ingestion and elimination. 
Food and beverages provide approximately 20% and 70-75% of total 
body water, respectively, while 5-10% derives from endogenous meta
bolic reactions. Main body water outputs are urine, fecal, cutaneous, and 
respiratory excretions [141]. Plasma and urine osmolarities (i.e., the 
number of solutes per unit volume of water, expressed in mOsm/L units) 
are commonly used laboratory markers of hydration. The osmolarity of 
body fluids in physiological conditions is maintained within a very 
narrow ranges (normal plasma osmolarity is 275-290 mOsm/L) through 
the combined action of osmoreceptors, baroreceptors, and hormones (e. 
g., arginine vasopressin and renin-angiotensin-aldosterone systems), 
which regulate thirst and renal excretion [141]. 

Older adults are at increased risk of dehydration due to several age- 
related processes, including diminished sensation of thirst and kidney 
function as well as the use of medications (e.g., diuretics, antihyper
tensive, antidepressant drugs) that increase water loss or blunt thirst 
[142]. 

The prevalence of dehydration in older adults is estimated at 20-30% 
[143], and is associated with several negative outcomes, such as 
delirium, disability, cognitive decline, and mortality [144]. 

Chronic mild dehydration and hyperosmotic stress induce 
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intracellular dehydration, disrupt cellular structures and enzyme activ
ities, and alter mitochondrial function [145]. These alterations, in turn, 
upregulate the synthesis of pro-inflammatory mediators [146], increase 
oxidative stress [145], and interfere with glucose homeostasis [147]. 
Studies in animal models of dehydration showed that skin and muscles 
were the main organs that lost water as a compensatory mechanism to 
preserve hydration of vital organs, such as brain and liver [148]. 
Dehydration has relevant effects on mechanical and metabolic functions 
of muscle [149]. Loss of intracellular water (ICW) is associated with 
activation of catabolic processes and concomitant inhibition of mTORC1 
and insulin-stimulated anabolic pathways [150]. Dehydration, even if 
mild, also affects muscle contractile capacity and reduces muscle 
strength [151]. 

During aging, a relative expansion of extracellular water (ECW) 
against ICW accompanies the reduction in muscle mass as assessed by 
bioelectrical impedance methods [152]. In a cohort of community- 
dwellers aged 65-90, the ECW-to-ICW ratio of the thigh was nega
tively associated with knee extension strength and gait speed, inde
pendent of age, sex, BMI, and muscle mass [153]. Cross-sectional studies 
in Spanish community-dwellers aged 80+ showed that ICW was posi
tively associated with handgrip strength, gait speed and Barthel score, 
independently of major covariates, including muscle mass [154,155]. In 
older adults from the Korea National Health and Nutrition Examination 
Survey (KHANES), a water intake below national recommendations was 
associated with a greater likelihood of sarcopenia [156]. However, in a 
recent study from KHANES VI, water intake did not predict low grip 
strength after adjusting for age, BMI, and engagement in resistance 
training [157]. 

In conclusion, evidence suggests that hydration status influences 
muscle mass, strength, and function in older adults. Most nutritional 
societies have highlighted the importance of early detection and 
correction of dehydration in older adults (Table 2). More research is 
needed to identify the mechanisms whereby hydration impacts muscle 
health in old age. 

2.4. Creatine, omega-3 fatty acids, and vitamin D 

Creatine is a nitrogenous compound that is synthesized by the kidney 
and liver from arginine, glycine, and methionine, or introduced with 
foods (e.g., lean red meat, poultry, seafood) [160]. Daily creatine re
quirements (~1–3 g) are supplied evenly by endogenous synthesis and 
food ingestion [161]. Around 60% of creatine is stored in muscles as 
phosphocreatine where it serves as a buffer to resynthesize repleted ATP 
[162]. The putative effects of creatine supplementation on the aged 
muscle have traditionally been attributed to its ergogenic property. 
Creatine may also increase cell hydration/osmolarity [163], enhance 
exercise-induced expression of myogenic transcription factors and IGF-1 
signaling [164], and attenuate MPD and inflammation [165]. 

A recent meta-analysis showed that creatine supplementation 
induced greater increases in fat-free mass, upper and lower-body 

strength, and physical function compared with placebo in older adults 
engaged in resistance training [166]. Studies investigating the effect of 
creatine supplementation on muscle-related parameters in non- 
exercising older adults yielded mixed results [167–170]. While safety 
concerns have been raised regarding creatine and renal function, no 
evidence indicates an increased risk of renal damage after creatine 
supplementation [171]. 

Long-chain PUFAs, such as the “marine omega-3” eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) contained in fatty fish and 
fish oil preparations, have long been studied as components of healthy 
dietary patterns due to their anti-inflammatory properties [86]. Obser
vational studies support a positive effect of diets rich in PUFAs on muscle 
strength, physical function, and lean mass in community-dwelling older 
adults [172,173]. Seminal findings by Smith et al. [174] showed that 
EPA and DHA supplementation for eight weeks increased MPS during 
hyperaminoacidemic-hyperinsulinemic clamping in healthy older 
adults. This effect was accompanied by increased myofiber size and was 
mediated by activation of the mTORC1-S6K signaling pathway, sug
gesting that omega-3 fatty acids may have anabolic properties. This 
hypothesis is supported by intervention studies in older women, in 
whom fish oil supplementation improved walking speed [175] and 
enhanced strength gains from resistance training [176]. A 6-month 
intervention with a combination of DHA and EPA induced greater in
crease in muscle mass (3.6%), handgrip strength (2.3 kg), and one- 
repetition maximum lower- and upper-body strength (4%), compared 
with corn oil in adults aged 60-85 [177]. While some intervention 
studies did not report improvements in muscle-related parameters 
following fish oil supplementations [178], recent systematic reviews 
and meta-analyses consistently showed positive effects of omega-3 
PUFA supplementation on muscle strength, especially when combined 
with resistance exercise [179,180]. 

Serum levels of vitamin D (commonly evaluated in the form of 25-hy
droxy vitamin D3, 25(OH)D or calcifediol) decline progressively with 
aging, due to insufficient sun exposure, reduced ability to synthesize 
vitamin D precursor following UV stimulation, impaired renal-liver axis, 
and reduced food intake [181]. The prevalence of severe deficiency/ 
deficiency of vitamin D (25(OH)D below 30/50 nmol/L) is in the range 
of 3–17% and 30–70% in older adults across US, China, and Europe 
[182,183]. Vitamin D deficiency often co-occurs with negative health 
outcomes, including frailty and sarcopenia [184]. The mechanisms 
whereby vitamin D might influence the aging muscle are unclear. 
Vitamin D receptor (VDR) and the mitochondrial enzyme 25(OH)D-1- 
alpha hydroxylase, which are expressed in muscle tissue, may play a 
role [185,186]. VDR knockout mice show reduced size and number of 
muscle fibers [187]. In human muscle, VDR expression declines with age 
[186]. In a small sample of older women with reduced physical function, 
4-month daily supplementation with 4000 IU vitamin D3 induced a 
greater increase in intramyonuclear VDR protein concentration 
compared with placebo, with a more evident effect in type II fibers 
[188]. 

Several observational studies linked vitamin D status to muscle 
strength and function in older adults. In the Longitudinal Aging Study 
Amsterdam, older participants with severe vitamin D deficiency (25 
[OH]D3 < 25 nmol/L) showed lower physical performance and a 
twofold greater risk of sarcopenia compared with those with no defi
ciency [189]. In both active and inactive adults older than 60 from 
NHANES III, 25(OH)D3 levels between 40 and 94 nmol/L were associ
ated with faster walking speed and sit-to-stand test compared with those 
with vitamin D concentrations <40 nmol/L [190]. In middle-aged and 
older adults from the West China Health and Aging Trend study, vitamin 
D deficiency was an independent risk factor for sarcopenia [191]. 

Systematic reviews and meta-analyses of trials of vitamin D supple
mentation to improve sarcopenia-related parameters in older adults 
reported mixed results [192–194]. Earlier meta-analyses showed bene
ficial effects of vitamin D supplementation on muscle strength and 
function in older adults with vitamin D deficiency [192,193]. However, 

Table 2 
Sex-specific recommendations by national and international organizations for 
total daily water and fluid intake.  

Organizations Daily water 
intake (food +
fluids) (L) 

Daily drink 
intake (L) 

Women Men Women Men 

World Health Organization (WHO) [158]  2.2  2.9   
Australian National Health and Medical 

Research Council (NHMRC)/New Zealand 
Ministry of Health (MoH) [66]  

2.8  3.4  2.1  2.6 

Chinese Nutrition Society [67]  2.7  3.0  1.5  1.7 
European Food Safety Authority (EFSA) 

[140]  
2.0  2.5  1.6  2.0 

Institute of Medicine (IOM) – USA [159]  2.7  3.7  2.0  3.0  

R. Calvani et al.                                                                                                                                                                                                                                 



Metabolism 146 (2023) 155637

7

a recent meta-analysis of 10 randomized clinical trials reported no im
provements from vitamin D monotherapy in any sarcopenia indices in 
community-dwelling older adults [194]. The PROVIDE study showed 
that 13-week administration of a supplement containing vitamin D and 
leucine-enriched whey protein improved muscle mass and lower- 
extremity function in community-dwelling older adults with sarcope
nia [195]. The additive benefit of vitamin D supplementation on sar
copenia is supported by a recent meta-analysis of intervention studies 
testing vitamin D combined with protein supplementation [196]. 

Collectively, intervention trials suggest that creatine, long-chain 
PUFAs, and vitamin D supplementation may positively affect muscle 
mass, strength, and function, especially in older adults engaged in 
resistance training. Further studies are needed to assess the optimal dose 
and length of interventions, the duration of the beneficial effects, and 
the combination of supplement ingredients with better muscle outcomes 
in older adults. 

2.5. Probiotics, nitrate-rich foods, and nutraceuticals 

Emerging evidence suggests that changes in the structure and func
tion of gut microbiota influence muscle homeostasis and overall physical 
function [197]. Experimental models of microbiota depletion, such as 
germ-free and antibiotic-treated mice, showed reduced muscle mass and 
function relative to controls [198]. An altered gut microbiota compo
sition, encompassing lower bacterial diversity and declines in the rela
tive abundance of “beneficial” Lactobacilli, Bifidobacteria, and butyrate- 
producing bacteria (e.g., Faecalibacterium prausnitzii), has been 
described in older adults with frailty and sarcopenia [199,200]. Gut 
microbiota may impact muscle physiology through several mechanisms, 
including modulation of the intestinal digestion of dietary amino acids 
[201,202], regulation of host glycemic control [203], and the fine- 
tuning of inflammatory and redox status [204,205]. Therefore, the 
“gut-muscle axis” has been proposed as a possible target for the devel
opment of interventions against physical frailty and sarcopenia 
[197,206]. Preclinical data showed that the supplementation of 
different Lactobacillus strains attenuated the age-related decline in 
muscle mass and strength in mice, through a reduction of circulating 
pro-inflammatory signals, inhibition of muscle atrophy programs, and 
stimulation of muscle mitochondrial biogenesis [207–210]. Moreover, 
fecal microbial transplantation from high-functioning older adults to 
germ-free mice induced greater increase in muscle strength than colo
nization with fecal samples from low-functioning individuals [211]. A 
recent systematic review and meta-analysis of randomized clinical trials 
showed that probiotic supplementation induced positive effects on 
muscle mass in younger adults and improved global muscle strength 
parameters in those 50 years or older, only when interventions lasted for 
at least 12 weeks [212]. 

Changes in the bacterial ecosystem of the gastrointestinal tract may 
also modulate (and be modulated by) the availability and activity of 
most nutritional factors proposed as remedies for sarcopenia. For 
instance, nitrate-rich foods, including beetroot juice, exert some of their 
potential beneficial effects via a two-way relationship with host mi
crobes. Beetroot juice increases nitric oxide (NO) bioavailability through 
non-canonical nitrate-nitrite-NO pathway, involving the conversion of 
nitrate to nitrite in the oral cavity by commensal bacteria [213]. 
Through increasing systemic NO levels, beetroot juice regulates mito
chondrial respiration, lowers oxygen cost of exercise [214], enhances 
skeletal muscle contractile properties [215], and improves blood 
perfusion and nutrient delivery to muscle and brain [216], thereby 
positively impacting physical performance [217]. In older adults, beet
root juice supplementation improves endothelial function [218], re
duces blood pressure, and ameliorates exercise tolerance [219]. 
However, in a recent intervention trial beetroot juice supplementation 
did not substantially impact physical performance in older adults 
engaged in a six-week aerobic exercise program [220]. 

Gut microbiota influence the metabolic fate of a wide range of food- 

derived bioactive substances that could stimulate specific cellular 
pathways involved in the health-promoting effects of high-quality diets 
and physical activity [221]. Several nutraceuticals, including resveratrol 
(found in the skin of grapes) [222], quercetin (from capers and red 
onion) [223], ursolic acid (from apple peel and herbs) [224], urolithins 
(derived from bacterial transformation of ellagitannins from pome
granate) [225], fisetin (found in strawberries) [226], and nicotinamide 
riboside (a trace element in milk and precursor of nicotinamide adenine 
dinucleotide [NAD]) [227], are increasingly studied in the context of 
sarcopenia for their potential effects on multiple pathogenic pathways. 
Although studies in vitro and rodent models have shown promising re
sults, evidence in human muscle aging is inconclusive [228–230]. 

3. Novel technologies to develop individualized nutritional 
plans 

The growing availability of biological and clinical data gathered 
from electronic health records, wearable and ambient sensors, and 
multi-omics platforms has paved the way for the definition of a person's 
unique physiology and early detection of incident medical conditions 
[231]. Precision medicine approaches have also been applied in the field 
of nutrition to predict individualized metabolic response to specific 
foods or test meals, based on individual genetic, clinical, gut micro
biome, and lifestyle characteristics [232–234]. For instance, in the 
Personalized REsponses to Dietary Composition clinical Trial, a combi
nation of standard clinical parameters, lifestyle characteristics (e.g., 
meal composition and timing, sleep, exercise), and multi-omics data has 
shown to predict glycemic and triglyceride responses to food intake in a 
cohort of about 1000 adults [233]. A large inter-individual variability 
was found in blood glucose, insulin, and triglycerides following the 
consumption of identical meals, which was at least partly explained by 
modifiable factors, such as temporal sequence and composition of meals, 
physical activity, and sleep patterns [233]. 

In this context, it was recently shown that alterations in sleep and 
circadian clocks may play a role in muscle aging [235]. A U-shaped 
relationship was found between sleep duration and sarcopenia in older 
adults, with a higher prevalence of sarcopenia in those who slept <6 h or 
>8 h on a regular basis, independent of several confounding variables (e. 
g., age, BMI, physical activity, energy intake) [236,237]. Moreover, 
older adults with an evening chronotype (i.e., those who are more active 
in the evening, go to sleep and wake up late) may be at increased risk of 
sarcopenia, independent of sleep length [238]. A recent study from 
KHANES showed that disruption of circadian rhythm in shift workers 
with irregular schedule was associated with higher odds of sarcopenia 
[239]. 

Preclinical data suggest that the circadian clock influences several 
aspects of muscle physiology, including MPS and MPD, and may be 
entrained by physical activity and the feeding/fasting cycle [235]. 
Atrophy-related genes, such as Atrogin1 (F-box protein 32) and Muscle 
RING-finger protein-1 (Murf1) show circadian rhythmicity and are 
modulated by master clock regulators, i.e., Brain and Muscle ARNT-like 
protein 1 (BMAL1) and REV-ERBα [240]. Disruption of BMAL1 activity 
impairs lipid and glucose metabolism, and induces protein catabolism 
[240]. Phosphorylation of BMAL1 via the mTORC1-S6K signaling reg
ulates the diurnal variation in protein translation across different tis
sues, including liver and muscle [241]. Based on these observations, 
chrono-nutrition approaches have been suggested to preserve muscle 
mass in older adults, which focus on the administration of key nutrients 
during the active phase (e.g., high-protein intake at breakfast) to support 
muscle growth and ameliorate age-related disruption of circadian clocks 
[235]. 

The implementation of precision medicine approaches could help 
unveil the role of sleep and circadian rhythm in muscle homeostasis, and 
devise interventions that fine tune the timing of both nutrition and 
physical activity to prevent aging-related muscle loss and dysfunction. 

A recent study evaluated the link between self-reported dietary 
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patterns, metabolic profiles, and long-term incidence of diabetes and 
cardiovascular disease in a large cohort of young adults from the Cor
onary Artery Risk Development in Young Adults study [242]. A set of 
metabolites associated with specific dietary food groups and patterns, 
and/or derived by gut microbiota activity were identified, which were 
more strongly linked to cardiometabolic outcomes than data obtained 
through traditional dietary survey methods. 

To overcome limitations of self-reported dietary assessment, novel 
electronic tools have been developed to assess food intake in older 

adults, including web- or computer-based applications with user- 
friendly interfaces [243]. 

The adoption of precision nutrition approaches could assist in 
characterizing metabolic response to foods and supplements in older 
adults at risk of sarcopenia at the individual level (Fig. 2), devising 
tailored nutritional interventions, and monitoring their effects over 
time. 

Before such innovative strategies can be implemented in the sarco
penia context, some limitations should be overcome, including costs 

Fig. 2. Precision nutrition approach for sarcopenia: The dynamic “Pachinko model”. The mechanism of operation of a Pachinko machine (Japanese pinball) may be 
used as a metaphor to depict the intricate ways whereby nutrition and other lifestyle factors interact to influence muscle physiology. This model was originally 
proposed by Nicholson and Wilson in 2003 [244] to represent the metabolism of xenobiotics. Nutrition may be viewed as a flow of balls (dietary ingredients) through 
the “human pinball”. The metabolic destiny of nutrients and their influence on muscle physiology are probabilistic and controlled by numerous variables (shown by 
pins). Pins can be classified into two categories. One group refers to immutable factors, such as age, sex, genetic background, etc. The other pins include dynamic 
parameters, such as epigenetic modifications, enzyme activity, body temperature, biofluid pH, hemodynamic variables, etc., that can be controlled (figure inset) via 
hypothetical “control knobs”. Knobs are external factors and stimuli (e.g., meal timing, exercise, gut microbial activities) that may be modulated to maximize the 
effects of nutrition on muscle parameters. According to the Pachinko model of nutrition, muscle health can be impacted through changing the content of a person's 
diet and/or acting on “control knobs”. This dynamic model exemplifies the multiple sources of complexity to be disentangled to develop a truly personalized 
intervention against sarcopenia. Abbreviations: Anti-Ox: antioxidants; Cr: creatine; EAA: essential amino acids; Prot: proteins; PUFAs: PolyUnsaturated Fatty Acids; 
Vit D: vitamin D. Reproduced with permission from [68]. 
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Table 3 
Ongoing registered clinical studies testing nutritional interventions against sarcopenia in older adults.  

Study title Sarcopenia 
definition/criteria 

Study Population Intervention(s) Primary outcome 
measure(s) 

Sponsor CT Identifier 

Multidisciplinary Combined 
Exercise and Nutrition 
Intervention for Sarcopenia 
(MENTORS) 

Asian Working 
Group for 
Sarcopenia 
(AWGS) 2019 

168 community- 
dwellers 65-90 
yrs. with 
metabolic 
syndrome 

Experimental: individualized 
diet + high-protein drink +
multimodal exercise 
Comparator: usual care 
Intervention duration: 12 weeks 

Performance on the 
chair stand test 

Seoul National 
University 
Bundang Hospital 
(South Korea) 

NCT04948736 

Exercise and Nutrition for 
Healthy AgeiNg (ENHANce) 

European Working 
Group on 
Sarcopenia in 
Older People 
(EWGSOP2) 

180 older adults 
(65+ yrs) residing 
in community or 
assisted living 

1) Resistance exercise + protein 
placebo + omega-3 fatty acids 
placebo 
2) Protein + omega-3 fatty acids 
placebo 
3) Resistance exercise + protein 
+ omega-3 fatty acids placebo 
4) Resistance exercise +protein 
+ omega-3 fatty acids 
5) protein placebo + omega-3 
fatty acids placebo 
Intervention duration: 12 weeks 

Physical 
performance 
measured by SPPB 

Universitaire 
Ziekenhuizen KU 
Leuven (Belgium) 

NCT03649698 

Protein Supplement and Exercise 
Training for the Treatment of 
Malnutrition and Sarcopenia 
Risk in Older Adults (POWER) 

European Working 
Group on 
Sarcopenia in 
Older People 
(EWGSOP2) 

40 older adults 
(70+ yrs) 
requiring 
supportive 
homecare 

Experimental: Whey protein 
ONS enriched with leucine and 
vitamin D + resistance exercise 
Comparator: Resistance exercise 
Intervention duration: 12 weeks 

Nutritional status 
assessed by MNA-FF 

University College 
Dublin (Ireland) 

NCT05688956 

Culinary Medicine to Enhance 
Protein Intake on Muscle 
Quality in Older Adults  

62 community- 
dwellers >65 yrs 

Experimental: Coaching on high- 
protein diet from lean ground 
beef via cooking and educational 
videos 
Comparator: control recipes via 
electronic links 
Intervention duration: 16 weeks 

Lean body and fat 
mass measured by 
DXA 

Texas Tech 
University (USA) 

NCT05593978 

Impact of Protein and Alkali 
Supplementation on Skeletal 
Muscle in Older Adults  

120 community- 
dwellers >65 yrs 

1) Whey protein isolate (1.5 g/ 
kg/d) + potassium bicarbonate 
(81 mmol/d) 
2) Whey protein isolate (1.5 g/ 
kg/d) + cellulose capsules 
3) Isocaloric placebo 
maltodextrin powder +
potassium bicarbonate (81 
mmol/d) 
4) Maltodextrin powder +
cellulose capsules 
Intervention duration: 24 weeks 

Muscle power of 
lower extremities 
measure by leg press 

Tufts University 
(USA) 

NCT04048616 

Effect of Fermented Milk 
Containing Lactobacillus Casei 
Strain Shirota in Sarcopenia 
Elderly 

Asian Working 
Group for 
Sarcopenia 
(AWGS) 2019 

120 community- 
dwellers 65-85 yrs 

Experimental: 2 bottles of 
fermented milk containing 
Lactobacillus Casei strain Shirota 
per day 
Control group: no intervention 
Intervention duration: 12 weeks 

Gut microbiota 
composition, lean 
body mass 
measured by BIA, 
nutritional 
parameters 

Taipei Medical 
University 
(Taiwan) 

NCT04985877 

The Effect of a Combined 
Personalized Nutritional 
Intervention and a 
Personalized Graded Activity 
Functional Training Program 
on Physical Performance in 
Hospitalized Patients at Risk 
for Sarcopenia, Compared to 
Usual Care (FITFOOD)  

136 hospitalized 
patients ≥50 yrs 

Experimental: FITFOOD lifestyle 
intervention (lifestyle 
intervention with nutritional +
exercise) 
Control: standard care 

Performance on the 
timed up & go test 

Radboud 
University 
Medical Center 
(The Netherlands) 

NCT05413616 

Impact of Diet on the Gut-Muscle 
Axis in Older Adults 

Not specified 24 community- 
dwellers >65 yrs 

Experimental: low-soluble fiber 
diet 
Active comparator: high-soluble 
fiber diet 
Intervention duration: 12 weeks 

Lean body mass 
measured by DXA, 
handgrip strength, 
chair stand test 

Tufts University 
(USA) 

NCT05549622 

Impacts of Nicotinamide 
Riboside on Functional 
Capacity and Muscle 
Physiology in Older Veterans 
(NR-VET) 

Not specified 144 community- 
dwellers 65-85 
YRS 

Experimental: Nicotinamide 
riboside 1000 mg per day 
Placebo comparator: 
Microcellulose pills 
Intervention duration: 12 weeks 

Maximal oxygen 
uptake, handgrip 
and leg strength, 
gait speed 

VA Office of 
Research and 
Development 
(USA) 

NCT04691986 

Dietary Strategy to Tackle 
Sarcopenia in Early Elderly 
Subjects (FOOP-Sarc) (FOOP- 
Sarc) 

Low handgrip 
strength (men 
<27 kg; women 
<16 kg) or low 
gait speed (≤0.8 
m/s) 

135 community- 
dwellers 60-74 yrs 

Experimental: 
1) Virgin olive oil (30 mL/d) rich 
in phenolic compounds (500 
ppm), maltodextrin (7.5 g/d), 
and nutritional and physical 
activity recommendations 
2) Virgin olive oil (30 mL/d) rich 

Muscle mass 
measured by MRI at 
the third lumbar 
vertebra 

University Rovira 
i Virgili (Spain) 

NCT05485402 

(continued on next page) 
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associated with multi-omics analyses and the low acceptability of mo
bile health applications by older adults, due to negative attitudes toward 
technologies and difficulties in handling sophisticated devices [245]. 

4. Summary and conclusions 

Sarcopenia is a challenging geriatric condition. Its complex patho
physiology and heterogeneous clinical expression have hindered the 
development of effective preventive measures as well as the definition of 
therapeutic interventions. The combination of high-quality diets (rich in 
fruits and vegetables), adequate protein intake (high in leucine), and 
hydration is the cornerstone of nutritional plans to contrast sarcopenia. 
Novel nutrient candidates and technologies are entering the scene 
(Table 3). 

The advent of precision nutrition approaches will likely set the stage 
for the definition of truly personalized diets tailored to the older person's 
needs (Fig. 2). Before this can be implemented in the clinical realm, 
some practical issues should be addressed. The efficacy, feasibility, and 
sustainability of precision nutrition approaches should be demonstrated 
in older adults with sarcopenia through well-designed clinical trials. The 
availability of digital health and omics technologies at reasonable costs 
is a critical element to address. Another crucial point is the definition of 
the optimal combination of nutritional and exercise interventions to 
contrast sarcopenia. 

Both aerobic and resistance training elicit beneficial adaptions in the 
aging muscle [246]. To simplify, aerobic exercise mainly induces im
provements in aerobic fitness (i.e., increase in maximal oxygen uptake) 
and/or exercise performance (e.g., time-to-exhaustion), while resistance 
training leads to gains in muscle size (hypertrophy), strength, and power 
[246]. However, responses to exercise vary substantially depending on 
the characteristics of the training performed (e.g., frequency, intensity, 
load, duration of sessions) [246]. 

Physical activity guidelines by the WHO recommend older adults 
engaging in 150 min of moderate-intensity or 75 min of vigorous- 
intensity aerobic activity plus at least two sessions of resistance 
training weekly [247]. However, this broad advice may not be the 

optimal exercise prescription for older adults with or at risk of sarco
penia. A recent international experts' consensus advocates high-intensity 
resistance training to prevent or manage sarcopenia, and suggests a 
personalized approach based on the intended outcome (e.g., primary 
prevention, improvement in functional status) [248]. 

While physical activity is the key element of lifestyle interventions 
against sarcopenia, the additive effects of most nutritional ingredients is 
controversial [125]. The identification of the best timing for nutritional 
intervention is another major point to be explored. The EWGSOP2 
diagnostic algorithm suggests prescription of nutritional and physical 
activity interventions as soon as low muscle strength is ascertained. 
Knowledge of lifetime trajectories of muscle parameters could allow 
individuals at risk of sarcopenia to be identified and treated well before 
the condition reaches its clinical expression (Fig. 3). Like other major 
chronic conditions, diet (together with physical activity) should there
fore be viewed as a key intervention for the primordial prevention of 
sarcopenia. A lifelong approach should also be envisaged. In this regard, 
a developmental origin of sarcopenia has been hypothesized, which 
suggests that birth weight, early childhood, and pubertal growth may 
influence muscle parameters and physical function in late life [249]. 
There is no clear evidence on the minimum duration of nutritional in
terventions to achieve clinically meaningful changes in muscle mass and 
function. It is also unknown whether nutritional supplementation in
duces a linear improvement in muscle parameters over time or a ceiling 
effect occurs before substantial gains in muscle health are achieved. 
Finally, it needs to be established whether specific nutritional factors 
differentially impact clinical features of sarcopenia (and overall health) 
at different stages of life. In this context, further research is needed to 
unravel the controversial role of mTOR in muscle aging. While stimu
lation of mTOR pathway is critical for MPS, calorie/protein restriction 
and, in some cases, resistance exercise may exert their protective actions 
against sarcopenia through the inhibition of mTOR and the induction of 
autophagy [24]. These seemingly conflicting findings may be explained, 
at least partly, by the existence of mTOR-independent signaling path
ways that influence MPS and MPD [24] and/or by the differential role of 
mTOR/AMPK pathways across life stages [250]. 

Table 3 (continued ) 

Study title Sarcopenia 
definition/criteria 

Study Population Intervention(s) Primary outcome 
measure(s) 

Sponsor CT Identifier 

in phenolic compounds (500 
ppm), prebiotic supplementation 
(FOS and inulin, 7.5 g/d), and 
nutritional and physical activity 
recommendations 
Placebo comparator: Virgin olive 
oil (30 mL/d; phenolic 
compound contents, 80 ppm), 
maltodextrin (7.5 g/d), and 
nutritional and physical activity 
recommendations 
Intervention duration: 12 weeks 

Fish Protein Supplementation 
and Sarcopenia Outcomes in 
the Community 
(SARCO_COMM)  

150 community- 
dwellers 50–70 
yrs 

Experimental: Blue whiting 
protein hydrolysates (12.5 g 
twice daily) 
Placebo comparator: Isocalorific 
maltodextrin citrus flavored 
powder 
Intervention duration: 8 weeks 

Lean body mass 
measured by BIA 

University of 
Ulster (United 
Kingdom) 

NCT05356559 

The Effect of a 12-week Self- 
composed Vegan Diet With or 
Without Concurrent Resistance 
Exercise on Thigh Muscle 
Volume in Older Adults (Vold)  

72 community- 
dwellers≥65 yrs 

Experimental: 
1) Vegan diet (self-composed, 
fully plant-based diet) 
2) Vegan diet + biweekly 
resistance exercise 
Active comparator: Omnivorous 
diet 
Intervention duration: 12 weeks 

Thigh muscle 
volume by MRI 

Wageningen 
University 
(United Kingdom) 

NCT05809466 

Abbreviations: BIA, bioelectrical impedance analysis; DXA, dual energy X-ray absorptiometry; FOS, fructooligosaccharides; MNA-FF, mini nutritional assessment – full 
form; MRI, magnetic resonance imaging; ONS, oral nutritional supplement; SPPB, short physical performance battery. 
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In conclusion, early identification and correction of malnutrition are 
key elements to prevent and manage sarcopenia. In the near future, the 
use of precision nutrition strategies and the widespread of digital health 
technologies will allow moving from population-based, “one size fits all” 
dietary recommendations to targeted dietary approach to slow muscle 
mass decline, preserve independence, and foster quality of life in old 
age. 
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Sacro Cuore (D1.2020 and D1.2022), and the European Union - Next 
Generation EU (Age-IT spoke 3, DM 1557 11.10.2022). The views and 
opinions expressed are only those of the authors and do not necessarily 
reflect those of the European Union or the European Commission. 
Neither the European Union nor the European Commission can be held 
responsible for them. The work was also partly supported by the Italian 
Ministry of Health (Ricerca Corrente 2023) and the non-profit research 
foundation “Centro Studi Achille e Linda Lorenzon”. The funders had no 
role in study design, data collection and analysis, preparation of the 
manuscript, or decision to publish. 

CRediT authorship contribution statement 

Riccardo Calvani: Conceptualization, Investigation, Writing – 
original draft. Anna Picca: Conceptualization, Writing – review & 
editing, Visualization. Hélio José Coelho-Júnior: Investigation, 
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[40] Gaillard C, Alix E, Sallé A, Berrut G, Ritz P. Energy requirements in frail elderly 
people: a review of the literature. Clin Nutr 2007;26:16–24. https://doi.org/ 
10.1016/J.CLNU.2006.08.003. 

[41] Otsuka R, Kato Y, Nishita Y, Tange C, Tomida M, Nakamoto M, et al. Age-related 
changes in energy intake and weight in community-dwelling middle-aged and 
elderly Japanese. J Nutr Health Aging 2016;20:383–90. https://doi.org/10.1007/ 
S12603-016-0715-0. 

[42] Briefel RR, McDowell MA, Alaimo K, Caughman CR, Bischof AL, Carroll MD, et al. 
Total energy intake of the US population: the third National Health and Nutrition 
Examination Survey, 1988-1991. Am J Clin Nutr 1995;62:1072S–80S. https:// 
doi.org/10.1093/AJCN/62.5.1072S. 

[43] Volkert D, Beck AM, Cederholm T, Cruz-Jentoft A, Hooper L, Kiesswetter E, et al. 
ESPEN practical guideline: clinical nutrition and hydration in geriatrics. Clin Nutr 
2022;41:958–89. https://doi.org/10.1016/J.CLNU.2022.01.024. 

[44] Picca A, Calvani R, Coelho-Júnior HJ, Landi F, Marzetti E. Anorexia of aging: 
metabolic changes and biomarker discovery. Clin Interv Aging 2022;17:1761–7. 
https://doi.org/10.2147/CIA.S325008. 

[45] Serra-Prat M, Mans E, Palomera E, Clavé P. Gastrointestinal peptides, 
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[96] Balage M, Averous J, Rémond D, Bos C, Pujos-Guillot E, Papet I, et al. Presence of 
low-grade inflammation impaired postprandial stimulation of muscle protein 
synthesis in old rats. J Nutr Biochem 2010;21:325–31. https://doi.org/10.1016/ 
J.JNUTBIO.2009.01.005. 

[97] Marzetti E, Guerra F, Calvani R, Marini F, Biancolillo A, Gervasoni J, et al. 
Circulating mitochondrial-derived vesicles, inflammatory biomarkers and amino 
acids in older adults with physical frailty and sarcopenia: a preliminary 
BIOSPHERE multi-marker study using sequential and orthogonalized covariance 
selection - linear discriminant analysis. Front Cell Dev Biol 2020;8:564417. 
https://doi.org/10.3389/FCELL.2020.564417. 

[98] Howard EE, Pasiakos SM, Blesso CN, Fussell MA, Rodriguez NR. Divergent roles 
of inflammation in skeletal muscle recovery from injury. Front Physiol 2020;11: 
87. https://doi.org/10.3389/FPHYS.2020.00087. 

[99] Tuttle CSL, Thang LAN, Maier AB. Markers of inflammation and their association 
with muscle strength and mass: a systematic review and meta-analysis. Ageing 
Res Rev 2020;64:101185. https://doi.org/10.1016/J.ARR.2020.101185. 

[100] Itsiopoulos C, Mayr HL, Thomas CJ. The anti-inflammatory effects of a 
Mediterranean diet: a review. Curr Opin Clin Nutr Metab Care 2022;25:415–22. 
https://doi.org/10.1097/MCO.0000000000000872. 

[101] Paddon-Jones D, Short KR, Campbell WW, Volpi E, Wolfe RR. Role of dietary 
protein in the sarcopenia of aging. Am J Clin Nutr 2008;87. https://doi.org/ 
10.1093/AJCN/87.5.1562S. 1562S-6S. 

[102] Boirie Y, Gachon P, Beaufrère B. Splanchnic and whole-body leucine kinetics in 
young and elderly men. Am J Clin Nutr 1997;65:489–95. https://doi.org/ 
10.1093/AJCN/65.2.489. 

[103] Paulussen KJM, McKenna CF, Beals JW, Wilund KR, Salvador AF, Burd NA. 
Anabolic resistance of muscle protein turnover comes in various shapes and sizes. 
Front Nutr 2021;8:615849. https://doi.org/10.3389/FNUT.2021.615849. 

[104] Phillips SM. Current concepts and unresolved questions in dietary protein 
requirements and supplements in adults. Front Nutr 2017;4:13. https://doi.org/ 
10.3389/FNUT.2017.00013. 

[105] Rafii M, Chapman K, Elango R, Campbell WW, Ball RO, Pencharz PB, et al. 
Dietary protein requirement of men >65 years old determined by the indicator 
amino acid oxidation technique is higher than the current estimated average 
requirement. J Nutr 2015;146:681–7. https://doi.org/10.3945/JN.115.225631. 

[106] Houston DK, Nicklas BJ, Ding J, Harris TB, Tylavsky FA, Newman AB, et al. 
Dietary protein intake is associated with lean mass change in older, community- 
dwelling adults: the Health, Aging, and Body Composition (Health ABC) Study. 
Am J Clin Nutr 2008;87:150–5. https://doi.org/10.1093/AJCN/87.1.150. 

[107] Beasley JM, Wertheim BC, Lacroix AZ, Prentice RL, Neuhouser ML, Tinker LF, 
et al. Biomarker-calibrated protein intake and physical function in the Women’s 
Health Initiative. J Am Geriatr Soc 2013;61:1863–71. https://doi.org/10.1111/ 
JGS.12503. 

[108] McLean RR, Mangano KM, Hannan MT, Kiel DP, Sahni S. Dietary protein intake is 
protective against loss of grip strength among older adults in the Framingham 
offspring cohort. J Gerontol A Biol Sci Med Sci 2016;71:356–61. https://doi.org/ 
10.1093/GERONA/GLV184. 

[109] Coelho-Junior HJ, Calvani R, Azzolino D, Picca A, Tosato M, Landi F, et al. 
Protein intake and sarcopenia in older adults: a systematic review and meta- 
analysis. Int J Environ Res Public Health 2022;19:8718. https://doi.org/10.3390/ 
IJERPH19148718. 

[110] Coelho-Júnior HJ, Calvani R, Tosato M, Landi F, Picca A, Marzetti E. Protein 
intake and physical function in older adults: a systematic review and meta- 
analysis. Ageing Res Rev 2022;81:101731. https://doi.org/10.1016/J. 
ARR.2022.101731. 

[111] Wall BT, Gorissen SH, Pennings B, Koopman R, Groen BBL, Verdijk LB, et al. 
Aging is accompanied by a blunted muscle protein synthetic response to protein 
ingestion. PloS One 2015;10:e.0140903. https://doi.org/10.1371/JOURNAL. 
PONE.0140903. 

[112] Rizzoli R, Stevenson JC, Bauer JM, Van Loon LJC, Walrand S, Kanis JA, et al. The 
role of dietary protein and vitamin D in maintaining musculoskeletal health in 
postmenopausal women: a consensus statement from the European Society for 
Clinical and Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO). 
Maturitas 2014;79:122–32. https://doi.org/10.1016/J. 
MATURITAS.2014.07.005. 

[113] Deutz NEP, Bauer JM, Barazzoni R, Biolo G, Boirie Y, Bosy-Westphal A, et al. 
Protein intake and exercise for optimal muscle function with aging: 
recommendations from the ESPEN Expert Group. Clin Nutr 2014;33:929–36. 
https://doi.org/10.1016/J.CLNU.2014.04.007. 

[114] Baker SA, Rutter J. Metabolites as signalling molecules. Nat Rev Mol Cell Biol 
2023;24:355–74. https://doi.org/10.1038/S41580-022-00572-W. 

[115] Dietary protein quality evaluation in human nutrition. Report of an FAQ Expert 
Consultation. FAO Food Nutr Pap 2013;92:1–66. 

[116] Herreman L, Nommensen P, Pennings B, Laus MC. Comprehensive overview of 
the quality of plant- and animal-sourced proteins based on the digestible 
indispensable amino acid score. Food Sci Nutr 2020;8:5379–91. https://doi.org/ 
10.1002/FSN3.1809. 

R. Calvani et al.                                                                                                                                                                                                                                 

https://doi.org/10.17226/10490
https://doi.org/10.1002/JCSM.12580
https://doi.org/10.1002/JCSM.12580
https://doi.org/10.1016/J.NUT.2023.112005
https://doi.org/10.14283/jfa.2013.7
https://doi.org/10.1002/JCSM.12954
https://doi.org/10.1097/00041433-200202000-00002
https://doi.org/10.1097/00041433-200202000-00002
https://doi.org/10.1016/J.CLNU.2017.08.016
https://doi.org/10.1093/CDN/NZAC001
https://doi.org/10.1017/S136898000900531X
https://doi.org/10.1017/S0007114521005043
https://doi.org/10.1017/S0007114521005043
https://doi.org/10.1111/JGS.16089
https://doi.org/10.1007/S40520-021-01824-Z
https://doi.org/10.1007/S40520-021-01824-Z
https://doi.org/10.3390/NU14061198
https://doi.org/10.3390/NU10030308
https://doi.org/10.3390/NU10030308
https://doi.org/10.3390/NU14040868
https://doi.org/10.1186/S12877-023-03734-3
https://doi.org/10.3389/FNUT.2021.683678
https://doi.org/10.3389/FNUT.2021.683678
https://doi.org/10.1186/S12916-016-0677-4
https://doi.org/10.1186/S12916-016-0677-4
https://doi.org/10.2337/DC11-0891
https://doi.org/10.1212/WNL.0000000000207176
https://doi.org/10.1017/S0007114512002085
https://doi.org/10.3390/NU15041026
https://doi.org/10.1016/J.ARR.2021.101395
https://doi.org/10.3390/NU12082257
https://doi.org/10.3390/NU12082257
https://doi.org/10.1016/J.REDOX.2022.102374
https://doi.org/10.1152/AJPENDO.00060.2012
https://doi.org/10.1152/AJPENDO.00060.2012
https://doi.org/10.1016/J.JNUTBIO.2009.01.005
https://doi.org/10.1016/J.JNUTBIO.2009.01.005
https://doi.org/10.3389/FCELL.2020.564417
https://doi.org/10.3389/FPHYS.2020.00087
https://doi.org/10.1016/J.ARR.2020.101185
https://doi.org/10.1097/MCO.0000000000000872
https://doi.org/10.1093/AJCN/87.5.1562S
https://doi.org/10.1093/AJCN/87.5.1562S
https://doi.org/10.1093/AJCN/65.2.489
https://doi.org/10.1093/AJCN/65.2.489
https://doi.org/10.3389/FNUT.2021.615849
https://doi.org/10.3389/FNUT.2017.00013
https://doi.org/10.3389/FNUT.2017.00013
https://doi.org/10.3945/JN.115.225631
https://doi.org/10.1093/AJCN/87.1.150
https://doi.org/10.1111/JGS.12503
https://doi.org/10.1111/JGS.12503
https://doi.org/10.1093/GERONA/GLV184
https://doi.org/10.1093/GERONA/GLV184
https://doi.org/10.3390/IJERPH19148718
https://doi.org/10.3390/IJERPH19148718
https://doi.org/10.1016/J.ARR.2022.101731
https://doi.org/10.1016/J.ARR.2022.101731
https://doi.org/10.1371/JOURNAL.PONE.0140903
https://doi.org/10.1371/JOURNAL.PONE.0140903
https://doi.org/10.1016/J.MATURITAS.2014.07.005
https://doi.org/10.1016/J.MATURITAS.2014.07.005
https://doi.org/10.1016/J.CLNU.2014.04.007
https://doi.org/10.1038/S41580-022-00572-W
http://refhub.elsevier.com/S0026-0495(23)00241-X/rf0575
http://refhub.elsevier.com/S0026-0495(23)00241-X/rf0575
https://doi.org/10.1002/FSN3.1809
https://doi.org/10.1002/FSN3.1809


Metabolism 146 (2023) 155637

14

[117] Kamei Y, Hatazawa Y, Uchitomi R, Yoshimura R, Miura S. Regulation of skeletal 
muscle function by amino acids. Nutrients 2020;12:261. https://doi.org/ 
10.3390/NU12010261. 

[118] Phillips SM, Chevalier S, Leidy HJ. Protein “requirements” beyond the RDA: 
implications for optimizing health. Appl Physiol Nutr Metab 2016;41:565–72. 
https://doi.org/10.1139/APNM-2015-0550. 

[119] Hudson JL, Bergia RE, Campbell WW. Protein distribution and muscle-related 
outcomes: does the evidence support the concept? Nutrients 2020;12:1441. 
https://doi.org/10.3390/NU12051441. 

[120] Phillips SM, Martinson W. Nutrient-rich, high-quality, protein-containing dairy 
foods in combination with exercise in aging persons to mitigate sarcopenia. Nutr 
Rev 2019;77:2.16–29. https://doi.org/10.1093/NUTRIT/NUY062. 

[121] Landi F, Calvani R, Picca A, Marzetti E. Beta-hydroxy-beta-methylbutyrate and 
sarcopenia: from biological plausibility to clinical evidence. Curr Opin Clin Nutr 
Metab Care 2019;22:37–43. https://doi.org/10.1097/MCO.0000000000000524. 

[122] Deutz NEP, Pereira SL, Hays NP, Oliver JS, Edens NK, Evans CM, et al. Effect of 
β-hydroxy-β-methylbutyrate (HMB) on lean body mass during 10 days of bed rest 
in older adults. Clin Nutr 2013;32:704–12. https://doi.org/10.1016/J. 
CLNU.2013.02.011. 

[123] Deutz NE, Matheson EM, Matarese LE, Luo M, Baggs GE, Nelson JL, et al. 
Readmission and mortality in malnourished, older, hospitalized adults treated 
with a specialized oral nutritional supplement: a randomized clinical trial. Clin 
Nutr 2016;35:18–26. https://doi.org/10.1016/J.CLNU.2015.12.010. 

[124] Phillips SM, Lau KJ, D’Souza AC, Nunes EA. An umbrella review of systematic 
reviews of β-hydroxy-β-methyl butyrate supplementation in ageing and clinical 
practice. J Cachexia Sarcopenia Muscle 2022;13:2265–75. https://doi.org/ 
10.1002/JCSM.13030. 

[125] Gielen E, Beckwée D, Delaere A, De Breucker S, Vandewoude M, Bautmans I, et al. 
Nutritional interventions to improve muscle mass, muscle strength, and physical 
performance in older people: an umbrella review of systematic reviews and meta- 
analyses. Nutr Rev 2021;79:121–47. https://doi.org/10.1093/NUTRIT/ 
NUAA011. 

[126] Wilkinson DJ, Hossain T, Hill DS, Phillips BE, Crossland H, Williams J, et al. 
Effects of leucine and its metabolite β-hydroxy-β-methylbutyrate on human 
skeletal muscle protein metabolism. J Physiol 2013;591:2911–23. https://doi. 
org/10.1113/JPHYSIOL.2013.253203. 

[127] Yao K, Yin YL, Chu W, Liu Z, Deng D, Li T, et al. Dietary arginine supplementation 
increases mTOR signaling activity in skeletal muscle of neonatal pigs. J Nutr 
2008;138:867–72. https://doi.org/10.1093/JN/138.5.867. 

[128] Viribay A, Burgos J, Fernández-Landa J, Seco-Calvo J, Mielgo-Ayuso J. Effects of 
arginine supplementation on athletic performance based on energy metabolism: a 
systematic review and meta-analysis. Nutrients 2020;12:1300. https://doi.org/ 
10.3390/NU12051300. 

[129] Scott JA, Maarsingh H, Holguin F, Grasemann H. Arginine therapy for lung 
diseases. Front Pharmacol 2021;12:627503. https://doi.org/10.3389/ 
FPHAR.2021.627503. 

[130] Doutreleau S, Mettauer B, Piquard F, Rouyer O, Schaefer A, Lonsdorfer J, et al. 
Chronic L-arginine supplementation enhances endurance exercise tolerance in 
heart failure patients. Int J Sports Med 2006;27:567–72. https://doi.org/ 
10.1055/s-2005-865847. 

[131] Tosato M, Calvani R, Picca A, Ciciarello F, Galluzzo V, Coelho-Júnior HJ, et al. 
Effects of L-arginine plus vitamin c supplementation on physical performance, 
endothelial function, and persistent fatigue in adults with long COVID: a single- 
blind randomized controlled trial. Nutrients 2022;14:4984. https://doi.org/ 
10.3390/NU14234984. 

[132] Sato T, Ito Y, Nagasawa T. L-lysine suppresses myofibrillar protein degradation 
and autophagy in skeletal muscles of senescence-accelerated mouse prone 8. 
Biogerontology 2017;18:85–95. https://doi.org/10.1007/S10522-016-9663-7. 

[133] Caldow MK, Ham DJ, Trieu J, Chung JD, Lynch GS, Koopman R. Glycine protects 
muscle cells from wasting in vitro via mTORC1 signaling. Front Nutr 2019;6:172. 
https://doi.org/10.3389/FNUT.2019.00172. 

[134] Haba Y, Fujimura T, Oyama K, Kinoshita J, Miyashita T, Fushida S, et al. Effect of 
oral branched-chain amino acids and glutamine supplementation on skeletal 
muscle atrophy after total gastrectomy in rat model. J Surg Res 2019;243:281–8. 
https://doi.org/10.1016/J.JSS.2019.05.041. 

[135] Hu CJ, Li FN, Duan YH, Zhang T, Li HW, Yin YL, et al. Dietary supplementation 
with arginine and glutamic acid alters the expression of amino acid transporters 
in skeletal muscle of growing pigs. Amino Acids 2019;51:1081–92. https://doi. 
org/10.1007/S00726-019-02748-9. 

[136] Nunes EA, Colenso-Semple L, McKellar SR, Yau T, Ali MU, Fitzpatrick-Lewis D, 
et al. Systematic review and meta-analysis of protein intake to support muscle 
mass and function in healthy adults. J Cachexia Sarcopenia Muscle 2022;13: 
795–810. https://doi.org/10.1002/JCSM.12922. 

[137] Bernabei R, Landi F, Calvani R, Cesari M, Del Signore S, Anker SD, et al. 
Multicomponent intervention to prevent mobility disability in frail older adults: 
randomised controlled trial (SPRINTT project). BMJ 2022;377:e068788. https:// 
doi.org/10.1136/BMJ-2021-068788. 

[138] Arentson-Lantz EJ, Layman DK, Leidy HJ, Campbell WW, Phillips SM. Important 
concepts in protein nutrition, aging, and skeletal muscle: honoring Dr Douglas 
Paddon-Jones (1969-2021) by highlighting his research contributions. J Nutr 
2023;153:615–21. https://doi.org/10.1016/J.TJNUT.2023.01.011. 

[139] Phillips SM, Paddon-Jones D, Layman DK. Optimizing adult protein intake during 
catabolic health conditions. Adv Nutr 2020;11:S1058–69. https://doi.org/ 
10.1093/ADVANCES/NMAA047. 

[140] EFSA Panel on Dietetic Products. Nutrition, and allergies (NDA); scientific 
opinion on dietary reference values for water. EFSA J 2010;8:1459. https://doi. 
org/10.2903/J.EFSA.2010.1459. 
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