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Abstract

Sarcopenia, the loss of skeletal muscle mass and function that occurs with aging, is associated 

with increased risk for several adverse health outcomes, including frailty, disability, falls, loss of 

independent living, and mortality. At present, no pharmacological treatment exists that is able to 

definitely halt the progression of sarcopenia. Likewise, no pharmacological remedies are yet 

available to prevent the onset of age-related muscle wasting. In this scenario, the combination of 

nutritional interventions and physical exercise appears to be the most effective strategy presently 

available for the management of sarcopenia. The purposes of this review are to summarize the 

current knowledge on the role of nutrition as a countermeasure for sarcopenia, illustrate the 

mechanisms of action of relevant dietary agents on the aging muscle, and introduce novel 

nutritional strategies that may help preserve muscle mass and function into old age. Issues related 

to the identification of the optimal timing of nutritional interventions in the context of primary and 

secondary prevention are also discussed. Finally, the prospect of elaborating personalized dietary 
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and physical exercise recommendations through the implementation of integrated, high-

throughput analytic approaches is illustrated.
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Introduction

Advancing age is associated with profound changes in body composition, the most notable 

of which, sarcopenia, is a major determinant of frailty, disability and mortality (1). After the 

age of 35 years, a healthy person loses muscle mass at a rate of 1–2% per year in 

conjunction with a 1.5% annual decline in strength, which accelerates to approximately 3% 

per year after the age of 60 (2). As a result, the muscle cross-sectional area of the thigh 

decreases by about 40% between 20 and 60 years of age. The magnitude of decline in fat-

free mass is twice as great in men than in women, and is amplified in sedentary individuals 

relative to physically active peers (2). Beside losing muscle mass, an average adult can 

expect to gain approximately 0.45 kg (1 lb) of fat yearly between the ages of 30 and 60 (3). 

This shift in body composition is often masked by stable body weight and can result in a 

condition known as sarcopenic obesity, which further increases the risk of disability, 

morbidity and mortality (4).

Although the decline in muscle mass and strength with age has been known for many years, 

the study of cellular mechanisms responsible for such a decay is still in its infancy. 

Nevertheless, several processes and mechanisms have been identified that are likely to 

contribute to the development of sarcopenia, including altered hormonal status (e.g., decline 

of growth hormone, estrogens and testosterone levels), increased production of pro-

inflammatory cytokines, loss of α-motor neurons, muscular mitochondrial dysfunction, 

altered autophagy, accelerated myonuclear apoptosis, and impaired satellite cell (Sc) 

function (5). All these factors eventually lead to an imbalance between anabolic and 

catabolic processes, which results in muscle protein breakdown, loss of myocytes, 

insufficient Sc replenishment, and ultimately declines in muscle mass and function (5). 

Given the complex and intertwining relationship among these putative etiological factors 

and the incomplete knowledge on the cellular processes underlying the pathogenesis of 

sarcopenia, the quest for effective treatments to manage this condition has been an 

intriguing, yet unresolved issue for geriatricians. The scenario is further complicated by the 

fact that operational definitions of sarcopenia and criteria to select the most appropriate 

target population for clinical trials on this syndrome have been released only recently (6–

10). Moreover, indications about the biomarkers to be used to detect sarcopenia and track its 

progression over time have just been published (11). However, the scientific community is 

still debating on how to identify clinically meaningful thresholds that distinguish normal 

from abnormal values of muscle mass and strength (12).

Given these limitations, it is not surprising that no pharmacological treatment is currently 

available to impede the progression of sarcopenia. Similarly, no pharmacological remedies 
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exist to prevent the onset of age-related muscle loss. In this context, an adequate protein and 

energy intake together with physical exercise (resistance, aerobic or their combination) has 

been indicated as the most effective strategy currently available to manage sarcopenia (13, 

14).

The purposes of this review are to present the most recent findings pertaining the role of 

nutrition in the management of sarcopenia, illustrate the mechanisms of action of relevant 

dietary agents on the aging muscle, and introduce novel nutritional strategies that may help 

combat sarcopenia. The paper is divided into two main sections. The first summarizes the 

current nutritional recommendations against sarcopenia, with a particular emphasis on those 

released by the Society for Sarcopenia, Cachexia, and Wasting Disease (15). This section 

also illustrates issues related to the identification of the optimal timing of nutritional 

interventions in the context of primary and secondary prevention strategies. The second part 

of the article introduces novel nutritional candidates and dietary strategies that may be 

harnessed to preserve muscle mass and function in old age. Special attention is paid to the 

prospect of developing personalized dietary and exercise training recommendations via the 

implementation of cutting edge, high-throughput analytic approaches.

Current nutritional recommendations to manage sarcopenia

On quality and quantity

Food intake declines gradually throughout adulthood. Between 20 and 80 years, the mean 

daily energy intake drops by approximately 1,300 kcal and 600 kcal in men and women, 

respectively (16), which often results in a dietary energy supply below the commonly 

accepted reference values (17). Several age-related pathologic conditions, including 

masticatory disability, and medications contribute to reducing food consumption in late life 

(18). Furthermore, advancing age per se is associated with a physiologic reduction in 

appetite (“anorexia of aging”) that can eventually evolve into pathologic anorexia and 

malnutrition (19). Older persons also develop changes in eating habits, with predilection for 

energy-dilute foods such as grains, vegetables and fruits, in place of energy-dense sweets 

and protein-rich nutrients (20). As a consequence of these factors, the prevalence of 

malnutrition ranges from 5 to 20% in community-dwelling older adults and exceeds 60% in 

institutionalized elderly (21).

These observations have led to the proposition that nutritional interventions based on the 

provision of an adequate energy supply (i.e., 24–36 kcal·kg−1·day−1) and on the 

supplementation of specific nutrients could be effective in preventing and/or reversing 

sarcopenia and physical frailty, especially when combined with physical exercise (13, 22). 

However, although numerous studies in older persons with overt malnutrition or specific 

disease conditions have shown overall positive effects of nutritional supplementation, 

attempts to specifically improve muscle mass and function through dietary interventions in 

non-malnourished sarcopenic elderly have yielded mixed results (23). It should be 

considered that a true nutritional supplementation is difficult to achieve in older individuals. 

Indeed, most elderly undergoing dietary interventions decrease their dietary intake 

proportionally, with the consequence that the total daily energy intake remains substantially 

unchanged in spite of the supplementation (23). More importantly, the composition of 
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supplements and the duration of the intervention that have been tested so far could be 

inadequate to meet the actual nutritional needs of sarcopenic persons (23).

For a nutritional intervention to be effective against sarcopenia, it should: a) provide an 

adequate caloric intake; b) ensure the provision of appropriate nutrients, taking into account 

age, sex, metabolic profile, health status, physical activity level, and concomitant therapies; 

c) provide the adequate quality and quantity of nutrients at the right time, that is, when there 

is a physiological need; d) be protracted for a time sufficient to impact muscle health. Based 

on this premises, in 2010, the Society for Sarcopenia, Cachexia, and Wasting Disease 

convened an expert panel to develop nutritional recommendations for the prevention and 

management of sarcopenia (15). The panel, besides acknowledging the central role of 

physical exercise, highlighted the importance of an adequate intake of calories and several 

nutrients, including proteins and amino acids, vitamin D, and creatine (15). The evidence in 

support to these and other dietary agents as well as their mechanisms of action in the context 

of sarcopenia are presented in the following paragraphs.

Proteins and amino acids

Skeletal muscle mass is regulated by the complex interplay among a host of factors; 

however, it is undoubted that the balance between protein synthesis and breakdown plays a 

pivotal role in the process (24). Optimal muscle protein metabolism, in turn, is highly 

dependent upon an adequate intake of dietary-derived proteins and amino acids (25). A 

report from the Health, Aging, and Body Composition Study has recently highlighted the 

importance of protein intake for the preservation of lean body mass in old age (26). The 

association between dietary protein supply and changes in appendicular lean mass was 

explored in over 2,000 community-dwelling men and women aged 70–79 years during a 3-

year period. After adjustment for potential confounders, individuals in the highest quintile of 

protein consumption lost nearly 40% less appendicular lean mass than did those in the 

lowest quintile (26).

Epidemiological data indicate that older persons are at high risk for inadequate protein 

intake. It is reported that 32–41% of women and 22–38% of men older than 50 years 

consume less than the recommended dietary allowance (RDA) for protein (0.8 

g·kg−1·day−1), and virtually no older adult introduces the highest acceptable macronutrient 

distribution range (AMDR) for protein (35% of total energy intake; 27). In addition, the 

extraction of dietary amino acids by the splanchnic bed is altered in advanced age, which 

can translate into lower peripheral amino acid concentrations (28). Finally, the aged muscle 

possesses a reduced ability to up-regulate protein synthesis in response to anabolic stimuli, 

such as protein intake and physical exercise (29). Nevertheless, muscles from older 

individuals retain the capacity of mounting a robust anabolic response following the 

ingestion of protein-rich meals (30). Whether this adaption is maintained in the oldest olds is 

presently unknown. It is therefore very likely that the current RDA for protein does not 

fulfill the criterion of the “the average daily dietary nutrient intake level sufficient to meet 

the nutrient requirement of nearly all (97 to 98%) healthy individuals in a particular life 

stage and gender group” (17), since it may not adequately protect older adults from 

developing sarcopenia (31). It also needs to be considered that the current protein RDA was 
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established on the basis of studies employing nitrogen balance techniques to assess protein 

requirements. However, such methodology does not take into account clinically relevant 

outcomes, such as the maintenance of muscle mass and function over the life course.

Given these considerations, an increase in protein intake above 0.8 g·kg−1·day−1 is 

advocated as a possible countermeasure for age-related muscle loss (32). Specifically, a 

daily protein intake of 1.0 g·kg−1 has been identified as the minimum amount required to 

maintain muscle mass in old age, at least in women (33). The feeding pattern is also 

important to optimize muscle protein metabolism (Figure 1). For instance, Arnal et al. (33) 

showed that, in older women, a 2-week protein pulse-feeding pattern, in which 80% of the 

daily protein intake (~1.0 g·kg−1) was provided in one meal, was more efficient in 

improving whole-body protein retention than the same amount of protein distributed evenly 

across four meals. Nevertheless, the ingestion of large quantities of proteins in a single meal 

may be difficult to maintain over the long term, especially in old age. Furthermore, most 

researchers agree that the amount of proteins introduced should be spread equally 

throughout the day in order to ensure a greater 24-hour anabolic response (15, 34, 35; Figure 

1). Thus, according to the available evidence, older persons should be encouraged to ingest 

between 1.0 and 1.5 g·kg−1·day−1 of protein through the consumption of a moderate serving 

(25–30 g) of high-quality protein sources at each meal (15, 34, 35).

The absorption kinetics and the amino acid composition of dietary proteins are also 

important factors to be taken into account. Indeed, the speed of absorption of dietary amino 

acids by the gut affects postprandial protein synthesis, breakdown, and deposition (36). This 

observations led to the development of the fast vs. slow protein concept (36), which may 

have important implications for the management of sarcopenia. In young adults, slowly 

digested proteins (e.g., casein) induce greater protein retention than those that are rapidly 

digested (e.g., whey; 37). An opposite pattern has been detected in elderly individuals (38). 

Accordingly, Pennings et al. (39) have recently shown that the ingestion of whey proteins 

stimulates postprandial muscle protein accretion in older men more efficiently than casein or 

casein hydrolysate.

The amino acid composition of dietary proteins has a great impact on their muscle anabolic 

potency (40). Indeed, essential amino acids (EAAs) are the primary stimulus for protein 

synthesis (Figure 2). In particular, leucine (abundant in whey) is recognized as the master 

dietary regulator of muscle protein turnover (41), due to its ability to activate the 

mammalian target of rapamycin (mTOR) pathway (42) and inhibiting the proteasome (43). 

Although the aging muscle shows a reduced anabolic response to low doses (e.g., 7 g) of 

EAAs (44), higher doses (e.g., 10–15 g, with at least 3 g of leucine) are capable of 

overcoming such anabolic resistance and induce a protein synthetic response similar to that 

observed in young adults (45). Older persons should therefore be recommended to consume 

protein sources containing a relatively high proportion of EAAs (i.e., high-quality proteins), 

including lean meat-based and dairy products, beef meat, and leucine-rich foods (e.g., 

soybeans, whey, cowpea, lentils; 15, 34). Older adults practicing resistance exercise may 

also be advised to ingest supplements of fast proteins (e.g., whey) or amino acids (e.g., 

leucine-enriched balanced EAA mix) immediately before or 2–3 hours after the training 

session to enhance exercise-induced muscle hypertrophy (46–48).
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Common concerns related to high protein intake in advanced age (e.g., possible detrimental 

effects on bone, renal, neurological and cardiovascular health) are not substantiated by most 

studies. Nevertheless, elevated plasma concentrations of five branched-chain and aromatic 

amino acids (leucine, isoleucine, valine, tyrosine, and phenylalanine) have been associated 

with increased risk of developing diabetes in a population of 2,422 young adult and middle-

aged individuals over a 12-year follow-up (49). This finding raises the concern that long-

term supplementations with proteins and/or EAAs might be detrimental for muscle health, 

due to the association of insulin resistance with impaired protein metabolism and muscle 

wasting (50).

In summary, while a general agreement exists about the need for increasing the daily protein 

intake in advanced age, additional trials are necessary to establish the optimal amount, type 

and timing of protein and amino acid supplementation, and to determine possible long-term 

adverse effects of such nutritional regimens.

Vitamin D

Vitamin D is a secosteroid prohormone that is generated through photolysis of 7-

dehydrocholesterol in the skin by UV light or obtained from the diet (51). Vitamin D from 

both exogenous and endogenous sources is subsequently activated by two sequential 

hydroxylation reactions. The first takes place largely in the liver to produce 25-hydroxy 

vitamin D (calcidiol). This molecule circulates bound to a specific transport protein and is 

indicative of vitamin D status. The second hydroxylation takes place mainly in the kidney to 

generate 1α,25-dihydroxy vitamin D (calcitriol), the hormonally active metabolite of 

vitamin D. Calcitriol is also produced by several other tissues with autocrine/paracrine 

pattern and local effects (51).

Serum levels of vitamin D decline steadily with aging, due to inadequate dietary intake, 

reduced sunshine exposure, impaired capacity of the skin to synthesize vitamin D under the 

influence of UV light, and diminished renal conversion of 25-hydroxy vitamin D to its 

active form (52). It is estimated that over 1 billion people worldwide have vitamin D 

deficiency or insufficiency (i.e., serum 25-hydroxy vitamin D levels < 30 ng·mL−1 or < 75 

nmol·L−1; 53). Remarkably, 40 to 100% of US and European community-dwelling older 

adults show vitamin D deficiency (53), and the situation is even more dramatic in 

institutionalized elderly, as a consequence of poorer dietary intake, decreased sunshine 

exposure, and higher multimorbidity rates (54).

Low vitamin D levels seem to be associated with a multitude of adverse health outcomes, 

including osteoporosis, diabetes mellitus, rheumatoid arthritis, several cancers, 

cardiovascular disease, cognitive decline, multiple sclerosis, and infectious diseases (53). In 

addition, in older adults, low serum concentrations of vitamin D and high serum levels of 

parathyroid hormone (PTH) have been associated with reduced muscle mass and strength 

(55). In a prospective study in free-living elderly, serum levels of vitamin D were found to 

be strong, independent predictors of changes in muscle mass and strength over 2.6 years of 

follow-up (56).
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Although it is undoubted that vitamin D influences muscle metabolism and trophism, the 

mechanisms whereby this hormone acts on skeletal myofibers are still under debate. 

According to classical view, actions of vitamin D are performed through binding to specific 

receptors (vitamin D receptors, VDRs) located on the cell surface and in the nucleus (57; 

Figure 2). Specifically, the activation of nuclear VDR initiates a genomic pathway that 

modulates the transcription of target genes involved in calcium uptake, phosphate transport 

across the cell membrane, phospholipid metabolism, production of inflammatory cytokines, 

and Sc proliferation and terminal differentiation (57). Binding of vitamin D to membrane-

bound VDR triggers a non-genomic pathway that regulates the release of calcium into the 

cytosol, necessary for muscle contraction, and stimulates protein synthesis (58). A recent 

study by Wang and DeLuca (59), using a highly sensitive immunohistochemical assay, has 

questioned the existence of VDRs either nuclear or membrane-bound in muscle tissue. 

Actions of vitamin D on muscle could therefore be mediated by systemic changes involving 

calcium, phosphate and PTH levels in the circulation (59).

Whatever the exact mechanism of action, vitamin D supplementation to older persons has 

shown to improve muscle function, reduce the incidence of falls, and positively impact 

muscle fiber composition and morphology (60–63). Based on these findings, it is currently 

recommended to measure serum levels of 25-hydroxy vitamin D in all sarcopenic patients 

and to prescribe vitamin D supplements [800 IU (20 μg) ·day−1] to those with values lower 

than 100 nmol·L−1 (40 ng·mL−1; 15).

The consumption of foods rich in vitamin D should also be encouraged. The best dietary 

sources of vitamin D3 (cholecalciferol) include oily fish (e.g., salmon, mackerel and herring) 

and liver oils from cod, tuna and shark (53). Sun-dried mushrooms contain variable amounts 

of vitamin D2 (ergocalciferol). Foods fortified with vitamin D (both D2 and D3) are also 

available, such as milk, breads, some yogurts and cheeses in the US, and some margarines, 

cereals, and milk in Europe. Nevertheless, in the absence of adequate sunshine exposure, the 

RDA for vitamin D is rarely ensured by common diets and supplementation is usually 

necessary. Vitamin D supplementation is relatively safe; however, the risk of adverse drug 

reactions, in particular hypercalcemia and its consequences (e.g., nephrolithiasis, 

gastrointestinal abnormalities, hypertension, arterial stiffness, cognitive impairment, 

electrocardiographic modifications) needs to be taken into account, especially in persons 

with impaired renal function and/or treated with thiazide diuretics (64).

Creatine monohydrate

Creatine (Cr) is a guanidino compound that is produced endogenously in the liver and 

kidney from reactions involving the amino acids glycine, arginine and methionine. Cr is also 

introduced with foods (e.g., lean red meat, tuna, and salmon). De novo synthesized and 

dietary-derived Cr is actively taken up by muscle cells and neurons and converted into the 

high-energy metabolite phosphocreatine (PCr) in a reaction catalyzed by the enzyme 

creatine-kinase. During the initial phase of an intense muscular effort, PCr donates 

anaerobically a phosphate group to ADP to form ATP (65). At rest or during periods of low 

activity, the excess ATP is used to regenerate PCr from Cr.
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Due to its function as a temporal and spatial energy buffer, Cr represents a valid ergogenic 

aid (66). In addition, studies have shown that Cr administration may promote muscle 

anabolism by modulating muscle protein kinetics, Sc activity and content, and anabolic 

hormone secretion (67; Figure 2). For instance, short-term supplementation with Cr 

monohydrate to young healthy subjects was found to increase the transcription of genes 

involved in muscle protein synthesis, cell repair and survival pathways, and Sc activation 

(68). The protein anabolic response induced by Cr administration is probably linked to the 

direct activation of the mTOR pathway (68). In addition, supplementation with Cr 

monohydrate, in combination with resistance training, has shown to increase muscular levels 

of insulin-like growth factor 1 (IGF-1) in young adult subjects (69). IGF-1, in turn, 

stimulates muscle protein synthesis through mTOR-dependent and independent mechanisms 

(70). A further means whereby Cr supplementation promotes muscle health is through the 

inhibition of protein breakdown. Notably, down-regulation of muscle protein catabolism 

following Cr administration appears to be maintained in advanced age (71). Studies have 

also shown that Cr supplementation attenuates ROS generation and protects against nucleic 

acid oxidative damage (72). However, given the complex roles of ROS in muscle 

physiology (vide infra), it is unclear if the anti-oxidant effect of Cr translates into muscle 

protection in late life.

In advanced age, a decrease in intramuscular Cr levels has been documented (73), which 

together with the favorable actions of Cr on muscle trophism and bioenergetics, provides a 

good rationale for its supplementation as a countermeasure for sarcopenia. Indeed, 

administration of Cr monohydrate to older adults engaged in strength training programs has 

shown to increase intramuscular total Cr concentration (74), augment muscle mass (71, 74, 

75), and improve muscle strength (71, 74–76). Interestingly, older persons supplemented 

with Cr may experience long-term residual beneficial effects after the end of the 

intervention. Indeed, in elderly men, 12 weeks of Cr supplementation combined with 

resistance exercise produced significant gains in muscle mass and strength, which were 

retained after 12 weeks of withdrawal from Cr (77).

The combination of Cr and whey protein may potentiate the muscle anabolic effects of the 

two nutrients during resistance exercise. In this regard, Candow et al. (71) showed that older 

men supplemented with Cr monohydrate (0.1 g·kg−1·day−1) and whey protein (0.3 

g·kg−1·day−1) during a 10-week whole-body resistance training experienced a greater 

increase in fat-free mass and muscle strength compared with those who consumed Cr alone 

or an isocaloric carbohydrate placebo. This finding suggests a synergistic stimulation of 

muscle protein anabolism by Cr and high-quality protein sources.

In summary, Cr monohydrate has emerged as an inexpensive and efficient nutritional 

supplement able to improve muscle mass and performance in older adults when combined 

with resistance exercise. Hence, short-term Cr supplementation (e.g., 5–20 g·day−1 of Cr 

monohydrate for 2 weeks) may be advisable in older persons engaged in strength training 

programs (15). Nevertheless, further studies are required to establish the optimal dosing and 

timing of Cr supplementation in sarcopenic elderly and to determine the risk of possible 

adverse events associated with this intervention (e.g., renal damage).
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Antioxidants

According to the well-known free radical theory of aging, the accumulation of oxidative 

damage to cellular macromolecules over the life course is the central mechanism driving the 

aging process (78). Based on this theory, the appearance of all age-related phenotypes, 

including sarcopenia, should therefore be primarily ascribed to the detrimental effects of 

reactive oxygen species (ROS). Accordingly, in older persons, elevated levels of oxidative 

damage have been linked with reduced muscle mass and strength (79, 80), and mobility 

disability (81). Conversely, positive associations have been determined between higher 

antioxidant status and measures of physical function in elderly populations. For instance, in 

the InCHIANTI study, a population-based study of older persons living in the Chianti 

geographic area (Tuscany, Italy), higher plasma levels of carotenoids were associated with a 

lower risk of developing mobility disability (82) and declining muscle strength (83). Similar 

associations have been found for selenium (84), vitamin E (85), and vitamin C (86). These 

observations would theoretically provide a good rationale for the administration of 

antioxidants as a countermeasure for sarcopenia. Unfortunately, redox physiology is not as 

straightforward as it appears. Indeed, while excessive ROS generation is associated with the 

pathogenesis of several disease conditions and, perhaps, contributes to aging and sarcopenia, 

oxidant production within a hormetic window plays fundamental roles in cell signaling and 

adaptation to various stressors (87; Figure 3). For instance, during moderate intensity 

exercise, ROS promote force production, stimulate mitochondrial biogenesis, and improve 

cellular antioxidant and repair capacity (88, 89). This hormetic response is preserved in 

older individuals (90). Consistently, some very recent studies suggest that mild pro-oxidants 

might even possess anti-aging properties (91). On the other hand, the indiscriminate use of 

antioxidant supplements could abrogate the physiological actions of ROS, cause reductive 

stress and blunt the beneficial effects of non-exhaustive physical exercise (92). The scenario 

is further complicated by the fact that commonly prescribed antioxidants (e.g., selenium, 

vitamin A, vitamin C, vitamin E, and β-carotene) may paradoxically behave as potent pro-

oxidants under some circumstances, due to their chemical and physical properties (93). 

Meta-analyses and systematic reviews have clearly shown an increased mortality risk 

associated with antioxidant supplementation in both healthy individuals and patients with 

various diseases, which should warn against the widespread use of uncontrolled 

supplementations (94–96).

In conclusion, given the incomplete knowledge about redox physiology and the possible 

harms associated with antioxidant supplementation, there is currently no scientific rationale 

that justifies the implementation of this intervention to prevent or treat sarcopenia (97). 

Indeed, the recommendations by the Society for Sarcopenia, Cachexia, and Wasting Disease 

do not even mention antioxidants as an approach against sarcopenia (15). Hence, unless an 

overt deficiency is documented, antioxidant supplements are not to be prescribed to 

sarcopenic individuals, especially to those engaged in physical exercise programs. 

Nevertheless, older persons should still be advised to consume foods rich in antioxidants, 

such as fruits and vegetables, because they also contain a vast array of healthy nutrients 

(e.g., vitamins, minerals and fibers).
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Type and timing of nutritional interventions for sarcopenia

The available evidence provides clear indications about the type of nutritional supplement(s) 

to be prescribed to sarcopenic elderly (15, 34). The choice of specific nutritional 

supplementations should also be based on the patient’s preferences and the eventual 

presence of comorbid conditions that may benefit from or be exacerbated by certain 

nutrients. For instance, in the presence of renal failure, protein and Cr supplements may not 

be advisable, whilst the administration of omega-3 fatty acids (98; vide infra) is likely to be 

beneficial. One important caveat of current nutritional recommendations for sarcopenia is 

that no clear indication is provided about the duration of the intervention that maximizes the 

benefits and reduces the risk for adverse effects. Indeed, while six months have been 

indicated as the minimum timeframe to expect sizable changes in muscle mass (11), it is 

unclear whether nutritional supplementations induce linear gains in muscle mass and 

strength over time or if a ceiling effect occurs before substantial improvements in muscle 

health have been attained. The evaluation of the effectiveness of nutritional interventions for 

sarcopenia is complicated by the multifaceted nature of the syndrome, which involves 

various combinations of declines in muscle mass and strength as well as in physical 

performance (6). It is possible that distinct nutritional interventions may differentially 

impact the various clinical features of sarcopenia. This implies that specific combinations of 

nutrients may be necessary to optimize treatment in subsets of sarcopenic patients and this 

needs to be addressed by future clinical trials. Finally, the safety of long-term nutritional 

interventions in sarcopenic elderly has yet to be established.

Another major point to be addressed concerns the optimal timing of nutritional 

interventions. Clearly, nutritional supplementation and possibly physical exercise need to be 

prescribed to all individuals diagnosed with sarcopenia. But, is it possible to identify 

subjects who are at risk to become sarcopenic and in whom supplementation could be 

started earlier in life? In this regard, it has been shown that lifestyle habits and physical 

health during adulthood could determine the rate of muscle strength decline and the 

development of functional limitations in advanced age (99, 100). For instance, Stenholm et 

al. (100) found that midlife physically strenuous work, excess body weight, smoking, 

cardiovascular disease, hypertension, diabetes mellitus, and asthma predicted muscle 

strength decline over 22 years of follow-up. In addition, significant weight loss, becoming 

physically sedentary, persistent smoking, incident coronary heart disease, diabetes mellitus, 

chronic bronchitis, chronic low-back pain, long-lasting cardiovascular disease, hypertension, 

and asthma were associated with accelerated declines in handgrip strength (100). Other 

common conditions associated with early onset and accelerated progression of sarcopenia 

include cancer, peripheral artery disease, chronic obstructive pulmonary disease, congestive 

heart failure, rheumatoid arthritis, kidney failure, chronic liver diseases, HIV infection, and 

long-term use of medications such as steroids and certain nonsteroidal anti-inflammatory 

drugs (50). Interestingly, birth weight and prepubertal and pubertal growth may affect 

muscle mass and strength as well as physical performance in late life (101–103). In further 

support to the existence of a developmental component in the sarcopenia syndrome, 

Robinson and colleagues (104) found that a greater exposure to breast milk in infancy was 

associated with greater grip strength in older community-dwelling men.
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Taken together, these findings suggest that individuals at high risk for sarcopenia could be 

identified well before the decline in muscle mass and strength reaches a critical threshold. 

Information pertaining to physiological, pathological, functional, and pharmacological 

parameters could be utilized to compute a “sarcopenia risk score” or a “sarcopenia risk 

chart”, similar to what is routinely done for other medical conditions (e.g., cardiovascular 

disease and osteoporosis). Such an approach could allow the timely implementation of 

primary preventive strategies, including nutritional interventions. As discussed further on, 

the development of integrated “omics” profiling techniques will likely assist in the early 

identification of subjects at risk to become sarcopenic as well as in the definition of the 

nutritional intervention that more appropriately matches the patient’s specific needs.

Novel dietary candidates and nutrition strategies against sarcopenia

Amino acid metabolites and precursors: β-hydroxy β-methylbutyrate and ornithine α-
ketoglutarate

β-hydroxy β-methylbutyrate (HMB) is a metabolite of leucine that is receiving increasing 

attention as a potential nutritional aid against sarcopenia (105). Following its absorption, 

dietary leucine is transaminated to α-ketoisocaproate (KIC), which is further metabolized 

into either isovaleryl-CoA or HMB (106). Under normal conditions, the majority of KIC is 

converted into isovaleryl-CoA, while only approximately 5% of leucine is metabolized to 

HMB (106). This implies that, in order to reach pharmacological levels of HMB, this 

compound needs to be administered directly, rather than via increasing the ingestion of 

leucine.

HMB has long been used as an ergogenic aid, due to its anti-catabolic, anabolic and lipolytic 

effects. In the skeletal muscle, HMB inhibits protein breakdown by down-regulating 

proteolytic pathways, stimulates protein synthesis through the activation of the mTOR 

pathway, improves sarcolemmal integrity via its conversion into hydroxymethylglutaryl-

CoA, and increases fatty acid oxidative capacity (105; Figure 2). The effects of HMB on 

muscle metabolism and body composition make this compound a good candidate for 

nutritional interventions against sarcopenia. Indeed, studies have shown that HMB 

supplementation is able to reverse deficits in net anabolism and improve muscle strength in 

sarcopenic older adults, especially when combined with resistance exercise. For instance, 

Vukovich and colleagues (107) found that, compared with placebo, 8-week supplementation 

with HMB (3 g·day−1) elicited greater increases in muscle strength and improvements in 

body composition in healthy older persons participating in a strength training program. 

Furthermore, the daily administration of a nutritional mixture containing HMB (2 g), 

arginine (5 g) and lysine (1.5 g) for 12 weeks improved measurements of physical 

performance, muscle strength, fat-free mass and protein synthesis in sedentary older women 

(108). Similar results were reported in a cohort of sedentary elderly men and women, who 

underwent a yearlong daily supplementation with a nutrition cocktail of HMB (2–3 g), 

arginine (5–7.5 g), and lysine (1.5–2.25 g; 109). A post hoc analysis based on the 

participant’s vitamin D status revealed that the nutrient cocktail was effective in increasing 

muscle mass regardless of vitamin D levels (110). In contrast, muscle strength gains were 
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observed only in participants with serum concentrations of 25-hydroxy vitamin D3 ≥ 30 

ng·mL−1, indicating a synergistic effect of HMB/arginine/lysine and vitamin D.

In summary, HMB has emerged as an interesting candidate for nutritional interventions 

against sarcopenia. Further investigations are necessary to determine the optimal dosage, 

timing and duration of supplementation with HMB, as well as the effects of the combination 

of this compound with other nutrients (e.g., creatine, vitamin D, proteins, amino acids or 

associated metabolites) on muscle health in advanced age.

Ornithine α-ketoglutarate (OKG), an ionic salt formed by two molecules of ornithine and 

one molecule of α-ketoglutarate, is an intriguing compound with a multitude of potential 

favorable actions on muscle protein metabolism (Figure 2). OKG is the precursor of several 

amino acids, such as glutamate, glutamine, arginine and proline, and of other bioactive 

compounds, including polyamines, citrulline, α-ketoisocaproate and nitric oxide (NO), that 

are important modulators of protein metabolism and hemodynamics in skeletal muscle 

(111). OKG is also a potent secretagogue of anabolic hormones, such as insulin and growth 

hormone (111). Hence, through direct and indirect actions, OKG could intervene in several 

processes involved in age-related muscle loss (112).

Stimulation of protein anabolism by oral or intravenous OKG administration has been 

demonstrated in several pathological conditions associated with hypercatabolism and muscle 

wasting (e.g., malnutrition, cancer cachexia, burn injury, and surgery) in both experimental 

animals and humans (113–116). Importantly, administration of OKG (10 g·day−1 for 2 

months) has shown to improve nutritional status, ameliorate quality of life, and reduce 

healthcare costs in ambulatory elderly patients (113). Although OKG may be a valuable 

nutritional aid against sarcopenia, the effects of its supplementation on muscle mass and 

function in non-malnourished older persons have yet to be investigated.

Omega-3 fatty acids

Omega-3 fatty acids (also referred to as n-3 fatty acids) are polyunsaturated fatty acids 

(PUFAs) with many potential health benefits (117). These nutrients, in particular 

eicosapentaenoic acid (EPA; C20:5 n-3), docosahexaenoic acid (DHA; C22:6 n-3) and α-

linolenic acid (αLNA; 18:3 n-3), are also receiving attention as possible nutritional 

countermeasures for sarcopenia. Indeed, a positive association has been found between the 

consumption of fatty fish (the best dietary source of omega-3 fatty acids) and grip strength 

in a cohort of community-dwelling older persons (118). Specifically, an increase in grip 

strength of 0.43 kg and 0.48 kg in community-dwelling men and women, respectively, was 

documented for each additional portion of fatty fish consumed per week (118). Emerging 

evidence also suggests that supplementation with omega-3 fatty acids could improve muscle 

protein anabolism and reduce levels of pro-inflammatory cytokines in older adults (Figure 

2). In a recent study, Smith and coworkers (119) showed that the administration of a 

commercially available formulation of EPA and DHA for 8 weeks increased the rate of 

muscle protein synthesis during hyperaminoacidemic-hyperinsulinemic clamping in healthy 

older persons. This effect was accompanied by increased activation of the mTOR pathway, 

suggesting that omega-3 fatty acids might directly stimulate protein synthesis. On the other 

hand, Cornish and Chilibeck (120) found that 12-week supplementation with αLNA (~14 
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g·day−1) combined with resistance training reduced circulating levels of interleukin 6, 

although the effects on muscle mass and strength were marginal.

These preliminary data suggest that an adequate intake of omega-3 fatty acids could 

represent an effective nutritional remedy for sarcopenia. Although there is no established 

dietary reference intake (DRI) for these nutrients, the adequate intake for EPA is set at 1.6 

and 1.1 g·day−1 for men and women, respectively (121). Such an intake is ensured by the 

consumption of at least two servings of fish a week. Fatty fish like salmon, mackerel, 

herring, lake trout, sardines and albacore tuna and their oils are the best food sources of 

omega-3 fatty acids (and interestingly of vitamin D). However, it is not known if the current 

adequate intake for omega-3 fatty acids is sufficient to preserve muscle mass and function 

during aging. Investigations concerning the long-term effects of omega-3 supplementation 

on muscle health in old age are also warranted. Finally, the risk for adverse events 

associated with long-term omega-3 supplementation (e.g., prolongation of bleeding time, 

atrial fibrillation and flutter, and liver toxicity) in sarcopenic elderly needs to be addressed

Ursolic acid

Ursolic acid is a lipophilic pentacyclic triterpenoid abundant in apple peels, but also present 

in other fruits (e.g., plum, cranberry, and blueberry) and many herbs (e.g., rosemary, 

hawthorn, thyme, basil, oregano, and peppermint; 122). The compound is attributed anti-

inflammatory and antihyperlipidemic properties, and is a major component of traditional 

Chinese medicinal herbs used in antidiabetic preparations (122). Recently, ursolic acid has 

been identified as a possible remedy for muscle atrophy in a screen for small molecule 

inhibitors of skeletal muscle wasting (123). In mice subjected to fasting or spinal cord 

injury, acute administration of ursolic acid attenuated the severity of muscle loss through the 

repression of atrophy-associated genes (atrogin-1 and MuRF1), up-regulation of trophic 

genes (PKB/Akt and S6 kinase), and stimulation of insulin/IGF-1 signaling (123; Figure 2). 

Chronic administration of ursolic acid to unstressed mice induced muscle hypertrophy with 

similar mechanisms (123). In a later study from the same group, supplementation with 

ursolic acid to mice consuming a high-fat diet increased muscle mass and strength, 

improved glucose tolerance, promoted brown adipose tissue deposition, and decreased white 

adipose tissue mass and the severity of hepatic steatosis (124).

As a whole, these preclinical findings suggest that ursolic acid might represent an ideal 

nutritional aid to counteract age-related changes in body composition and to improve 

metabolic homeostasis. However, the effects of supplementation with ursolic acid in 

sarcopenic elderly have yet to be explored.

Nitrate and nitrate-rich foods

For long time, nitrate (NO3−) and nitrite (NO2−) have been considered inert end products of 

NO metabolism and potentially toxic food additives. However, recent evidence indicates 

that NO3− and NO2− from both endogenous and dietary sources are metabolized in blood 

and tissues to bioactive nitric oxides, including NO (125). The latter is a pleiotropic cell 

signaling molecule involved in the regulation of blood flow, blood pressure, glucose 

Calvani et al. Page 13

J Frailty Aging. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



homeostasis, mitochondrial bioenergetics and biogenesis, inflammation, and tissue response 

to low oxygen levels (125).

The diet is a major source of NO3−, the content of which is especially high in certain 

vegetables (e.g., celery, cress, chervil, lettuce, red beetroot, spinach, and rocket). Food-

derived NO3− is actively taken up by the salivary glands, excreted in saliva, and reduced to 

NO2− by commensal bacteria of the oral cavity (126). Several mechanisms, including non-

enzymatic processes mediated by vitamin C and polyphenols, are then responsible for the 

reduction of NO2− to NO (126).

The effects of dietary NO3− on the aging muscle have not yet been investigated; however 

some of the processes involved in the pathogenesis of sarcopenia could be targeted by this 

nutritional factor (Figure 2). For example, dietary NO3− increases gastric NO levels, which 

could relieve the earlier satiety feeling typical of old age, therefore eliminating one of the 

components of “anorexia of aging” (19). Moreover, insulin resistance, a highly common 

condition in late life, is mechanistically associated with endothelial dysfunction as well as 

with reduced muscle perfusion and anabolic signaling (50). Dietary NO3−, by increasing 

circulating NO levels, could improve endothelial function and nutrient supply to muscles, 

therefore restoring a normal protein anabolic response to insulin. Furthermore, 

supplementation with dietary inorganic NO3− has recently been shown to reduce the 

metabolic cost of exercise and to improve muscular mitochondrial bioenergetics in young 

healthy subjects (127, 128). This effect may have potential implications for the management 

of sarcopenia, given the central role postulated for mitochondrial dysfunction in the 

pathogenesis of age-related muscle degeneration (129). Finally, our group has recently 

reported that the administration of the angiotensin-converting enzyme inhibitor enalapril to 

aged rats ameliorated sarcopenia indices partly via improvements in NO signaling (130, 

131). It is possible that similar adaptations might be elicited by supplementation with NO3−.

Studies are required to establish whether supplementation with inorganic NO3− can offer a 

nutritional aid for the prevention and treatment of sarcopenia. Investigations are also needed 

to address the traditional, but still controversial safety issues regarding the consumption of 

NO2− and NO3− for their supposed association with gastric cancer and increased generation 

of reactive nitrogen species.

Caloric restriction mimetics, exercise mimetics and gymnomimetics

A large body of evidence indicates that physiological stressors such as mild to moderate 

caloric restriction (CR) and regular physical exercise exert converging beneficial effects on 

overall health and muscle homeostasis in advanced age through their actions on muscular 

mitochondrial function, protein metabolism, and cell death/survival pathways (132). 

Nevertheless, it is likely that most people will not be able to maintain substantial food 

restrictions for the long term. Furthermore, weight loss may be harmful in nonobese older 

persons, as it can accelerate muscle loss and increase the risk of disability and mortality 

(133). Similarly, the implementation of exercise training interventions is hampered by the 

lack of motivation of most persons. In addition, many older adults may be unable to engage 

in regular physical exercise due to concomitant disabling conditions.

Calvani et al. Page 14

J Frailty Aging. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Intriguingly, recent studies suggest that a broad range of bioactive substances from plant 

sources, including fruits, vegetables, grains, herbs and spices, could mimic the signaling 

events that underpin some of the effects of CR and physical exercise, thus partially 

reproducing their health benefits (134). These dietary-derived “CR mimetics” (CRMs) and 

“exercise mimetics” (EMs) are phytochemicals with well-recognized antioxidant properties, 

but their bioactivity is likely promoted by a multitude of other mechanisms (Figure 2). 

Examples of such “mimetic” compounds include resveratrol (found in grapes and red wine), 

quercetin (found in apples, onions and berries), epigallocatechin-3-gallate (found in green 

tea), and nootkatone (found in grapefruit). Studies in vitro and in rodent models have shown 

that these phytochemicals are able to activate several pathways stimulated by both CR and 

exercise, including peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), 

sirtuin 1 (SIRT1), and AMP-activated protein kinase (AMPK; 134). In addition, preclinical 

investigations found that the administration of specific CRMs or EMs to rodents was able to 

promote skeletal muscle anabolism (135, 136). However, the effects of these mimetic agents 

on human muscle aging have not yet been investigated.

Although no single compound will probably ever reproduce the broad range of health 

benefits brought about by CR or exercise, the prospect of mimicking, even if partly, these 

physiological stressors is especially appealing for geriatric medicine. The development of 

effective CRMs and EMs requires a comprehensive scientific approach to untangle the 

complexity of stress responses to CR and exercise of the organism as a whole as well as 

tissue, organ and systems adaptations to acute and chronic perturbations (137). A recent 

work by Lewis and colleagues (138) has epitomized this type of approach through the 

characterization of changes in plasma levels of a wide range of metabolites in response to 

aerobic exercise. Exposure of cultured myotubes to a combination of metabolites, the levels 

of which were increased in the circulation in response to exercise (glycerol, niacinamide, 

glucose-6-phosphate, pantothenate, and succinate), resulted in up-regulation of nur77 (138). 

The latter is an orphan nuclear receptor that is induced in skeletal muscle after exercise as 

well as a transcriptional regulator of genes involved in glucose and lipid metabolism. 

Interestingly, the “gymnomimetic” effect was not observed when the metabolites were used 

separately.

Despite these provocative findings, the field of CRMs, EMs and gymnomimetics is still in 

its infancy. Much more research is needed to obtain a better characterization of the bioactive 

properties of these compounds and a deeper understanding of the stressor-activated 

metabolic pathways they are supposed to mimic. Finally, studies are required to determine if 

supplementation with CRMs, EMs and gymnomimetics may be harnessed as a safe 

therapeutic approach against sarcopenia.

Manipulation of the gut microbiota

Humans are complex biological “superorganisms”, in which vast, diverse and dynamic 

microbial ecosystems have coevolved (139). Symbiontic microbial inhabitants are found in 

several discrete host niches, such as the skin, the oral cavity and the respiratory, 

gastrointestinal (GI) and urogenital tracts. The interaction between the human host and its 

microbial inhabitants plays an essential role in the definition of the host’s health status. This 
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is not surprising given the fact that the microbial genetic repertoire (microbiome) is 

approximately 100-fold more abundant than that of the human host. The GI tract, in 

particular, houses over 1,000 distinct bacterial species, for a total of about 1014 

microorganisms (gut microbiota), with important implications for nutrient bioavailability, 

glucose and lipid metabolism, immune system conditioning and response, protection against 

pathogens, and drug metabolism and toxicity (140). Notably, dysregulated host-microbial 

interactions have been directly implicated in the development of a number of pathological 

conditions such as obesity, type I and type II diabetes mellitus, cardiovascular disease, 

asthma, eczema, inflammatory bowel diseases, colorectal cancer, hepatic steatosis, multiple 

sclerosis, and autism (141, 142).

Substantial inter-individual variability occurs within the gut microbiota, and numerous 

human factors, including the host’s genome, diet, age and eventual drug therapies, exert 

positive or negative selective pressure upon the microbiota (140). The adult-like structure of 

the gut microbiota becomes established approximately after the first year of life, and 

remains relatively stable through healthy adulthood (143). In advanced age, changes in the 

GI tract function and other age-related events (e.g., modifications of diet and lifestyle habits, 

and alterations of the immune system) deeply affect the structure and function of the gut 

microbiota as well as its homeostasis with the host’s immune system (144, 145). The altered 

human-microbial relationship can eventually lead to low-grade chronic inflammation, 

greater susceptibility to systemic infections, malnutrition, side effects of medications, and 

possibly accelerated progression of chronic diseases, frailty, and sarcopenia (144, 145). 

These observations suggest that appropriate manipulations of the gut microbiota might be 

harnessed to obtain therapeutic gains in old age. In this context, comprehensive approaches 

based on the combination of different “omic” sciences [e.g., (meta)genomics, microbiomics, 

trascriptomics, proteomics, and metabolomics] are receiving considerable interest, as they 

could shed light on the reciprocal influence between age-related changes in the gut 

microbiota and the physiology of older individuals. Such methodologies could eventually 

identify possible targets for pharmaco-nutritional interventions aiming at improving the 

wellness of elderly people, for example through the administration of functional foods 

targeting an individual’s specific needs.

As for sarcopenia, a better understanding of the symbiotic relationship between the aging 

human host and the gut microbiota is of utmost importance to develop interventions aimed 

at restoring an optimal human-microbial relationship. Indeed, alterations in the gut 

microbiota could contribute to etiopathogenesis of sarcopenia, since this microbial 

ecosystem is involved in the regulation of inflammatory and redox status, splanchnic 

extraction of nutrients, fat mass deposition, and insulin sensitivity. In addition, the gut 

microbiota may influence (and be influenced by) the bioavailability and bioactivity of most 

nutritional factors proposed as remedies against sarcopenia. For instance, the colonic 

microbiota could modulate the metabolic fate of candidate CRMs and EMs (e.g., resveratrol, 

quercetin, epigallocatechin-3-gallate), by converting these compounds into bioactive 

substances (146). In turn, these phytochemicals could modify the gut microbial composition 

and/or activity (146).
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Besides the administration of antibiotics, three major approaches are currently available to 

manipulate the composition and function of the gut microbiota: probiotics, prebiotics and 

synbiotics. Probiotics are defined as “live microorganisms which when administered in 

adequate amounts confer a health benefit on the host” (147). Lactic acid bacteria, 

bifidobacteria and certain yeasts and bacilli are the most common microbes used as 

probiotics. Prebiotics consists in “nondigestible food ingredients that beneficially affect the 

host by selectively stimulating the growth and/or activity of one or a limited number of 

bacterial species already resident in the colon” (148). Examples include galacto-

oligosaccharides, fructo-oligosaccharides, inulin, and lactitol. Finally, synbiotics are 

nutritional supplements combining probiotics and prebiotics, the administration of which 

produces health benefits resulting from the synergistic actions of the two components. 

Studies have shown that supplementation with probiotics, prebiotics and synbiotics can 

improve bowel function, modulate immune system function, and improve nutrient 

bioavailability (149). However, no studies have yet specifically investigated the effects of 

such interventions on muscle aging. Given the importance of the gut microbiota in the 

regulation of human physiology, further research is warranted to explore the potential 

application of its manipulation for the management of sarcopenia.

Concluding remarks and future perspectives

Sarcopenia is one of the most burdensome geriatric syndromes. The complexity of its 

pathogenesis and the heterogeneity of clinical correlates render the development of 

preventive and therapeutic interventions a challenging task. Nevertheless, specific 

nutritional interventions have shown to produce significant improvements in muscle mass 

and function in older adults, especially when combined with physical exercise. Furthermore, 

novel nutritional factors and dietary intervention strategies are coming on the scene.

Future developments in the field will require a shift of paradigm, moving from a disease-

centered concept toward a holistic, network-based perspective of sarcopenia (150). 

Sophisticated high-throughput analytic platforms have recently been developed to 

characterize the phenotype of a person from his/her genetic background to the nearly 

complete repertoire of molecules representing crucial metabolic processes of the human-

microbe hybrid (151–153). The resulting integrated personal “omics” profile (iPOP) may 

allow to monitor an individual’s health status, predict the development of specific disease 

conditions, including sarcopenia, and plan preventive interventions (152, 154). In sarcopenic 

individuals, the adoption of an integrated “multiomic” approach, combined with appropriate 

functional and imaging assessments, could help develop a full and personalized 

characterization of the patient, identify the system(s) compromised, and implement targeted 

treatments (Figure 4). Such an approach would also provide a fundamentally different 

perspective on diet management. For instance, nutrigenomics and metabolomics, through the 

characterization of an individual’s nutritional and metabolic status, may provide critical 

information on the way nutrients are harnessed by the body and on the effects of nutrient 

consumption on the organism physiology (153). This knowledge is crucial to design 

effective dietary interventions that match the actual requirements of the sarcopenic patient 

and, more in general, drive an individual’s metabolic phenotype to a healthier direction. The 

development of effective nutritional intervention to manage chronic conditions, including 
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sarcopenia, also relies on the appreciation of the functional effects of the diet as a whole, 

moving from traditional studies on single dietary agents to investigations on the global diet 

effect on the individual’s physiology (153). The implementation of such approach will likely 

open the way to personalized diets and nutritional forecasting, therefore allowing to tailor 

dietary recommendations to the person’s needs in both health and disease.

In conclusion, the combination of well-established imaging and functional assessments with 

innovative high-throughput methodologies may help decipher the complexity of sarcopenia 

and provide a whole new avenue for the prevention and treatment of this syndrome (Figure 

4).
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Figure 1. Proposed effects of protein intake and feeding pattern on muscle protein synthesis
A protein intake of 0.8 g·kg−1·day−1 (56 g for a person weighing 70 kg) may not be 

sufficient to maximally stimulate muscle protein synthesis. The ingestion of 1.5 

g·kg−1·day−1 of protein (105 g for a person weighing 70 kg) may differentially impact 

muscle protein synthesis depending on the feeding pattern. A spread feeding pattern, in 

which an equal amount of proteins is ingested at each meal, ensures a 24-h optimal 

stimulation of protein synthesis. A pulse feeding pattern, in which 80% of daily protein 

proteins is consumed in one meal and the remaining 20% is ingested in the other two meals, 

may not optimize the protein synthetic capacity. Adapted from Paddon-Jones D & 

Rasmussen BB, Curr Opin Clin Nutr Metab Care 2009 (34).
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Figure 2. Overview of putative mechanisms of action of relevant dietary agents on the sarcopenic 
muscle
Abbreviations: AMPK: AMP-activated protein kinase; CRMs: caloric restriction mimetics; 

EAAs: essential amino acids; EMs: exercise mimetics; FoxO: forkhead box protein O; 

HMB: β-hydroxy β-methylbutyrate; mTOR: mammalian target of rapamycin; MuRF-1: 

muscle-specific RING finger-1; OKG: ornithine α-ketoglutarate; PGC-1α: peroxisome 

proliferator-activated receptor-γ coactivator-1α; ROS: reactive oxygen species; Ub: 

ubiquitin; VDR: vitamin D receptor; Ω3: omega-3 fatty acids.
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Figure 3. Proposed effects of varying levels of ROS on skeletal myocyte homeostasis
ROS generation within the hormetic window optimizes cell signaling, stress resistance and 

force production. Both excessive and defective ROS generation impairs muscle tissue 

homeostasis by disrupting cell signaling, stress resistance and cellular integrity.
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Figure 4. Dynamic “Pachinko model” of nutritional regulation of muscle physiology
The complex mechanisms whereby diet influences muscle physiology could be 

simplistically represented by the operation of a Pachinko machine (Japanese pinball). In this 

model, proposed for the first time by Nicholson & Wilson in 2003 (155) to describe 

xenobiotic metabolism, nutrition may be considered as a flow of balls (dietary constituents) 

through the “human system”. The metabolic fate of nutrients and their effects on muscle 

physiology are not determined absolutely, but are probabilistic and influenced by several 

factors (depicted as pins). Two types of pins are distinguished. One set corresponds to non-

modifiable factors, such as age, sex, genetic background, etc. The other set of pins identifies 

modifiable factors, such as epigenetic and/or transcriptional regulation of genes, post-

translational modifications of enzymes, physiochemical conditions, hemodynamics, etc., 

which could be tuned (figure inset) through hypothetical “control knobs”. “Control knobs” 

represent external factors (e.g., meal timing, type and amount of physical activity, and 

manipulation of gut microbiota composition and function) that can be exploited to optimize 

the effects of nutrients on muscle physiology. According to the proposed model, muscle 

health can be impacted by manipulating the diet composition and/or by acting on “control 

knobs”. This dynamic Pachinko model epitomizes the complexity that needs to be 

deciphered to develop a personalized multimodal intervention against sarcopenia. The 

implementation of integrated “multiomic” approaches may enable the identification of the 

outputs (exit holes) of the “metabolic pin-ball”. This information, combined with 

appropriate functional and imaging assessments, could allow to develop a full and 
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personalized characterization of the sarcopenic patient, identify the system(s) compromised, 

and design targeted treatments. Abbreviations: Anti-Ox: antioxidants; Cr: creatine; EAA: 

essential amino acids; Prot: proteins; PUFAs: polyunsaturated fatty acids; Vit D: vitamin D.
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