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Aging is associated with a decline in muscle mass and strength

(sarcopenia), impacting not only mobility but also metabolic

health. Phenotypic flexibility, as a proxy for health, impairs

during aging and varies considerably between subjects, as

identified from challenge studies with multiple biomarkers.

Recent studies have linked transcriptomics and metabolomics

in serum and muscle tissue to functional outcomes, such as

muscle strength. Age-related changes in skeletal muscle gene

expression were partially reversed by resistance exercise,

indicating the plasticity of muscle. Supplementation of high-

quality dietary proteins enhances the beneficial effects of

exercise on sarcopenia. Signaling pathways and molecules

associated with atrophy in aged skeletal muscle are

increasingly revealed, providing novel opportunities for

optimizing and personalizing nutritional concepts for the elderly

population.
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Consequences of age-related skeletal muscle
atrophy for health
From 1900 to 2015, median life expectancy has increased

by approximately 20 years [1]. Aging is typically associat-

ed with an increased prevalence of diseases, such as

cardiovascular disease, cancer, arthritis, cataracts, osteo-

porosis, type 2 diabetes, hypertension and Alzheimer’s

disease. More than half of the elderly population (>65 y

old) suffer from two or more of those chronic conditions

[2]. The underlying biology of aging is complex [1], but

aging is commonly associated with loss of skeletal muscle

mass [3] and strength [4,5], and often with accumulation

of body fat. The combined loss of muscle mass and
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function (e.g. gait speed or hand grip strength) [6] is

defined as sarcopenia, and strongly contributes to frailty.

Epidemiological studies in humans have indicated that

muscle strength is the best predictor of mortality and of

the risk of developing age-related diseases, highlighting a

correlation between muscle dysfunction and derange-

ment of homeostasis [7�]. The most obvious consequence

of reduced muscle mass is probably compromised mobil-

ity due to reduced muscle strength and impaired physical

performance [8–10], but also metabolic health can dete-

riorate due to a relatively smaller contribution of muscle

tissue to body weight [11,12]. Skeletal muscles play a

crucial role in regulating glucose utilization, dysfunction

of which leads to hyperglycemia, one of the five compo-

nents of metabolic syndrome [13]. Age-related skeletal

muscle atrophy has been associated with insulin resis-

tance in clinical observational studies [14].

A healthy lifestyle, including sufficient physical activity

and optimized dietary patterns, can decrease the age-

related decline in muscle mass and strength [15,16],

which may substantially improve physical performance

as well as metabolic health in the elderly population.

Contemporary technologies, such as transcriptomics, pro-

teomics and metabolomics, are increasingly used to assess

early changes in health (viz. phenotypic flexibility) and

muscle function. Detailed understanding of the mecha-

nisms involved in the regulation of muscle metabolism

during aging can help to develop effective exercise pro-

tocols and tailored dietary concepts for the elderly popu-

lation. The aim of this paper is twofold; 1/to present

advances in omics-driven research in phenotypic flexibil-

ity (as a proxy of health), sarcopenia biomarker develop-

ment and skeletal muscle metabolism in the elderly; and

2/to suggest potential successful dietary and lifestyle

strategies to reduce the decline in muscle mass and

function during aging.

Variation in phenotypic flexibility
Health is the ability to physically, cognitively, and socially

adapt to continuing changes in the environment [17], a

concept that was subsequently extended to phenotypic

flexibility [18]. Phenotypic flexibility links health to the

body’s capacity to deal with stressors that challenge its

homeostasis, with restoration of homeostasis as the out-

come of various physiological systems. Nutrition impacts

health every day by inducing subtle and pleiotropic

physiological effects, which can manifest after weeks,
www.sciencedirect.com
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years or even after decades. Targeted challenges can

increase sensitivity for detecting the often subtle effects

of interventions and could therefore permit detection of

effects on health at earlier stages of life [19�,20]. Skeletal

muscles play a vital role in postprandial energy metabo-

lism and therefore contribute heavily to responses to

dietary challenges. Such challenge studies often include

metabolomics to quantify responses of multiple biomark-

ers simultaneously and results can be plotted in a multi-

variate ‘health space’ [21]. Recent studies have shown

that phenotypic flexibility differs substantially between

individual subjects and that this flexibility can adapt to

long-term dietary interventions. In 100 persons, Wopereis

et al. [22] measured a large panel of metabolites related to

glucose metabolism, lipid metabolism, protein metabo-

lism, and low grade chronic inflammation in response to a

high-fat challenge meal (60 g palm olein, 75 g glucose and

20 g milk protein). Persons of young age with low to

normal fat percentage responded different to the chal-

lenge when compared to persons of old age with normal to

high fat percentage, but there was also much inter-indi-

vidual variation within each group. In another study, four

weeks of a hypercaloric diet significantly altered the

response curves of almost all endocrine, metabolic, and

inflammatory biomarkers after a high-fat challenge meal,

whereas fasting biomarker concentrations remained un-

changed [23]. Also dairy consumption may impact phe-

notypic flexibility. A recent study showed that

51 metabolites responded differently to the challenge

after 3 weeks of high dairy (i.e. 750 ml semi-skimmed

milk and 60 g of cheese per day) compared to a dairy-free

diet, indicating increased whole-body fat oxidation due to

alterations in glycolysis, fatty acid ß oxidation, and TCA

cycle activity (unpublished). This 3-week crossover study

included 10 healthy male participants (30–40 y) and

multivariate biomarker profiles were measured after a

high-fat challenge meal. Challenges for assessing pheno-

typic flexibility are not limited to meals. For example,

Duivenvoorde et al. [24] conducted a study in which

young (10-week old) and old (72-week old) mice were

subjected to oxygen restriction (14.5% O2) as a challenge

test. Old mice did not maintain reduced oxygen con-

sumption during oxygen restriction, whereas young mice

did. Biochemical and gene expression analyses showed

that oxygen restriction affected glucose and lactate ho-

meostasis in liver and white adipose tissue of young mice,

supporting the observed differences in whole body oxy-

gen consumption [24]. These studies show that aging and

age-related changes in body composition may result in a

loss of phenotypic flexibility, which is partly reflected in

reduced ability to adapt fuel utilization to fuel availabili-

ty, and that dietary or exercise strategies can be used to

enhance phenotypic flexibility.

Similarly, aging is associated with the development

of anabolic resistance, implying that higher doses of

dietary protein are required for older subjects to generate
www.sciencedirect.com 
equivalent anabolic responses (i.e. muscle protein syn-

thesis) to younger subjects, also when the protein dose is

expressed relative to body weight [25,26��]. This reduced

sensitivity to respond to the anabolic properties of dietary

protein bears a striking resemblance to the concept of

phenotypic (in)flexibility indicating the development of

insulin resistance and chronic metabolic disease [27].

Whole body insulin sensitivity is closely related to muscle

mass and therefore often expressed per kg fat-free mass

[28]. Insulin sensitivity, measured as glucose infusion rate

in mmol/kg fat-free mass per min, typically reduces during

aging. This is however primarily driven by age-related

changes in the content and distribution of adipose tissue

and independent of muscle mitochondrial function or

chronological age [29]. More detailed understanding of

the relationship between phenotypic flexibility, anabolic

resistance and skeletal muscle mass will likely allow the

development of more effective nutritional, exercise and/

or pharmacological strategies to support healthy aging.

Such research will benefit from appropriate biomarkers

for sarcopenia and mechanistic understanding of skeletal

muscle adaptation to aging and interventions.

Biomarkers for sarcopenia
Skeletal muscle mass decreases substantially (1–2%/y)

from the age of 50 onwards [30], and prevalence of

sarcopenia has been estimated at 1–29% in community-

dwelling populations, 14–33% in long-term care popula-

tions and 10% in the only acute hospital-care population,

based on 18 prevalence studies and including regional and

age-related variation [31]. Several reviews describe recent

efforts to identify biomarkers for sarcopenia that can be

used in longitudinal studies [32–37]. Many single bio-

markers have been proposed, including anabolic hor-

mones [e.g., testosterone, growth hormone (GH),

insulin-like growth factor-1 (IGF-1)], inflammatory bio-

markers (e.g., C-reactive protein, interleukin-6, tumor

necrosis factor-a), and products of oxidative damage

(e.g., advanced glycation end-products, protein carbonyls,

oxidized low-density lipoproteins) [38]. Such biomarkers

are often identified by mass spectrometry or nuclear

magnetic resonance spectroscopy in blood samples

[39,40], and validated against measures of muscle mass

(estimated from e.g. magnetic resonance imaging, com-

puted tomography, and dual energy X-ray absorptiome-

try) and muscle strength (e.g. hand grip strength or lower

extremity muscle power) [32]. For example, butyryl-cho-

linesterase [41], C1q [42], branched chain amino acid-

related metabolites [43], myostatin [44], and the activin

A-to-follistatin ratio [45] have recently been added to the

longlist. Although the use of single biomarkers (i.e. re-

ductionist approach) may have been successful, a large

proportion of the phenotypic variance remains unknown.

Combinations of biomarkers have therefore been applied

to explain more of the observed variation. For example, a

urine proteomics panel for estimating muscle protein

breakdown allowed simultaneous assessment of multiple
Current Opinion in Food Science 2016, 10:60–67
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biomarkers [33]. Next to the bivariate association of sar-

copenia (or related outcomes) with one type of omics data,

there are strong interdependencies within and between

the different omics data (see Figure 1). Correlations can be

observed practically between all levels of biological orga-

nization. Systems biology approaches have therefore been

implemented to integrate datasets from different plat-

forms (e.g. transcriptomics, proteomics, metabolomics)

by adopting multidimensional and multivariate analyses

[32,46�]. Especially proteomic studies are a complementa-

ry tool and relevant to support transcriptome studies at a

functional level and to provide insight in the role of

secondary protein modifications, which increasingly

emerges as an important level of regulation [47]. Also,

complementary biomarkers (likely belonging to multiple

classes: imaging, biological markers, and functional tests)

have been suggested to be most effective [33]. Integration

comprises network analysis and annotation of the pathways

involved, as well as interactions with key environmental

factors, such as nutrition and other lifestyle factors [48].

Interestingly, Peters et al. [49] recently performed a

whole-blood gene expression meta-analysis in 14 983 in-

dividuals of European ancestry, and identified 1497 genes
Figure 1

LD

Genomics

Transcriptomics

Proteomics

Metabolomics Phen

Transcription

Coregulation

Coregulation/
PPI

Enzyme activity

Reactions Como

Translation

PT

Interdependencies of omics data. Solid lines indicate biological processes wh

associations. LD: linkage disequilibrium; PPI: protein–protein interaction; PTM

Current Opinion in Food Science 2016, 10:60–67 
that were differentially expressed with chronological age

(although not specifically related to muscle tissue). Based

on expression profiles in blood, they proposed ‘transcrip-

tomic age’ as a surrogate biomarker. This large study

showed that differences between transcriptomic age and

chronological age are associated with biological features

linked to aging, such as blood pressure, cholesterol levels,

fasting glucose, and body mass index [49], i.e. features

that can be modulated by nutrition and lifestyle. Hence,

integrating data from different platforms and using com-

plementary biomarkers may explain more variation in the

age-related reduction of skeletal muscle mass and whole-

body phenotypic flexibility.

Metabolic signature of skeletal muscle during
aging
It can be questioned whether surrogate biomarkers such

as transcriptomic age can predict age-associated decline

in specific tissues, like skeletal muscle. Nonetheless, a

recent meta-analysis of whole blood gene expression

(overall 17 534 unique genes measured by microarray)

and hand-grip strength in four independent cohorts

(n = 7781, ages: 20–104 y) identified robust associations

between the expression of 221 genes and muscle strength
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in adults [50��]. Although blood is generally easily acces-

sible, plasma levels of biomarkers reflect an overall status

and the contribution of individual body tissues is not

known [45,49]. Skeletal muscle is the largest organ in the

human body, comprising approximately 40% of body

weight [26��], but only few studies have measured

changes in metabolites in human skeletal muscle tissue.

Fazelzadeh et al. [51�] measured the baseline metabo-

lome in plasma and muscle biopsies (m. vastus lateralis)
from 30 young, 66 healthy older subjects, and 43 frail

older subjects. Follow-up samples from 38 healthy older

and 24 frail older subjects were collected and analyzed

after 6 months of prolonged resistance-type exercise

training. Surprisingly, they observed only modest corre-

lations between muscle and plasma metabolite levels

(Figure 2), which pleads against the use of plasma me-

tabolites as a direct read-out of muscle metabolism and

stresses the need for direct assessment of metabolites in

muscle tissue biopsies [51�].

In addition, Hangelbroek et al. [52�] examined the skeletal

muscle transcriptome between healthy young and older

subjects and (pre-)frail older adults. After 24 weeks of

resistance exercise training, all subjects increased muscle

strength (leg extension 1RM) and several age-related
www.sciencedirect.com 
changes in skeletal muscle gene expression were partially

reversed [52�]. This is in accordance with the study by Su

et al. [53��], who performed a complete re-annotation of

public microarray data from human skeletal muscle biop-

sies and constructed a muscle expression compendium

consisting of nearly 3000 samples ((http://www.ebi.ac.uk/

arrayexpress/; accession number E-MTAB-1788). They

also found that high physical activity counteracts age-

related changes in muscle gene expression [53��]. Inter-

estingly, the study by Hangelbroek et al. revealed that

especially the protocadherin gamma gene cluster may be

related to muscle denervation and re-innervation in aging

muscle [52�]. These studies illustrate the plasticity of

muscle tissue during lifespan and have identified specific

pathways involved. Long-term, longitudinal studies in the

aging population, and combining omics technologies in

muscle biopsies with functional outcomes, could further

increase our insight in underlying mechanisms. Such

studies can be used to quantify the interactions between

lifestyle and diet with the age-related adaptation of skel-

etal muscle.

Nutritional propositions for the elderly
Based on our current knowledge, diets for the elderly

population can already be optimized to some extent.
Current Opinion in Food Science 2016, 10:60–67
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Caloric needs are commonly reduced in elderly subjects

due to lower physical activity, and aging is often accom-

panied by a loss of appetite and changes in taste and

smell. This can reduce food intake and limit the food

choices, hence maintaining a nutrient-dense diet is im-

portant to meet nutrient requirements. Affordable and

tasty nutrient-rich foods, such as dairy products (impor-

tant sources of protein, calcium, iodine, vitamins B2 and

B12, magnesium, zinc, phosphorus and retinol) and fruits

and vegetables (most important source of vitamin C), are

therefore helpful in the diet of elderly people [54,55]. For

the elderly, the most prominent nutritional concerns are

related to vitamin D, vitamin B12 and protein malnutri-

tion [56]. For countering age-related loss of muscle mass

and strength [26��], resistance exercise currently remains

the most effective therapeutic strategy. In addition,

dietary protein supplementation, including branched

chain amino acids, has been well established to enhance

the beneficial effects of exercise on maintenance of

muscle mass during aging [5,57–60]. Recent evidence

suggests that the ingestion of the plant-based proteins

soy and wheat results in a lower muscle protein synthetic

response when compared to milk proteins [61]. The

lower anabolic properties of plant-based protein sources

may be attributed to a lower digestibility of protein from

these sources, in addition to greater splanchnic extraction

and subsequent urea synthesis of plant protein-derived

amino acids when compared with the ingestion of animal-

based proteins [61]. Dairy products are appealing for the

elderly population as they are rich in nutrients (incl. high-

quality proteins and micronutrients), easy to chew, swal-

low and digest, and available in multiple product formats

(e.g. milk, yoghurt, cheese). An observational study in

1456 older women aged 70–85 years, for example,

showed that muscle mass and functional capacity in-

creased with increasing intakes of milk, cheese and

yogurt [62].

In addition to protein, vitamin D may be protective for

muscle loss, but more studies are required. There is no

consensus about the minimum serum levels of 25OHD

required for reducing the risk of sarcopenia. According to

randomized controlled studies, vitamin D supplementa-

tion to ensure mean serum 25OHD levels of 66–84 nmol/

L (26.4–33.6 ng/mL) is required to improve muscle per-

formance [63]. For the elderly population, future dose–
response studies may be required as the effective supple-

mental dose ranges widely from 600 to 2000 IU of vitamin

D per day for reducing the risk of falls [63]. Molecular

insights suggest interactions between protein and vitamin

D. For example, addition of vitamin D, as 1,25(OH)2D,

increased insulin receptor and vitamin D receptor mRNA

expression, whereas the Akt/mTOR-dependent pathway

was activated by insulin and leucine and further enhanced

by 1,25(OH)2D [64,65]. A 13-week intervention study in

380 sarcopenic primarily independent-living older adults

with a nutritional supplement containing vitamin D and
Current Opinion in Food Science 2016, 10:60–67 
leucine-enriched whey protein resulted in improvements

in muscle mass and lower-extremity function [66].

Other nutritional factors, such as a more alkalinogenic

diet and diets higher in the anti-oxidant nutrients vitamin

C and vitamin E, are potentially involved in preventing

muscle loss during aging, but this needs further study [5].

Magnesium, which is a primary regulator of mTOR

dynamics and muscle cell proliferation [67], may also

help to prevent sarcopenia, but this also needs to be

further established. In general, omics techniques are

instrumental to identify crucial pathways and link these

to dietary components and signaling pathways in order to

develop nutritional propositions for the elderly popula-

tion. For example, the transcription factor ATF4 is in-

volved in age-related muscle weakness and atrophy, and

the small molecules ursolic acid and tomatidine reduce

ATF4 activity, weakness, and atrophy in aged skeletal

muscle [68,69�]. Ursolic acid is present in peels of fruits

and herbs, such as apples, cranberries and rosemary, and

tomatidine can be found in (green) tomatoes.

Emerging research areas which can be expected to im-

pact, at a longer term, elderly nutrition are nutrient

sensing and signaling and host–microbe interactions.

The role of skeletal muscle in regulating physiological

homeostasis and disease progression in other tissues has

been extensively reviewed by Rai and Demontis [7].

Fundamental insights in signaling pathways via myokines

(cytokines from muscle) and myometabolites (metabo-

lites from muscle) to other tissues further illustrate the

importance of skeletal muscle tissue in whole body ho-

meostasis and health (Figure 3). Targets for nutritional

and pharmacological interventions may be identified

based on such insights. Host–microbe interactions are

increasingly recognized and integrated omics approaches

are used [70,71]. A recent study in mice showed that the

histone deacetylase inhibitor butyrate improves metabo-

lism and reduces muscle atrophy during aging [72]. This

suggests that histone deacetylases contribute to age-re-

lated muscle atrophy and may be effective targets for

intervention in sarcopenia and age-related metabolic

disease.

Integrated omics technologies will help to further tune

nutrition and lifestyle to individual needs as recently

demonstrated by Zeevi et al. [73��]. Technological devel-

opments in smart phones and wearable devices may

further accelerate this development. Online monitoring

of specific non-invasive biomarkers may generate health-

related data in the context of our day-to-day life. Such

devices can be linked to reference databases and provide

us with individual, tailored advices regarding diet and

lifestyle.

Recent advances in omics technologies for assessing

individual phenotypic flexibility, developing biomarkers
www.sciencedirect.com
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Figure 3
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for sarcopenia and understanding the plasticity of skeletal

muscle during aging are very promising. There are sig-

nificant leads that age-related loss of muscle mass can be

reduced by increasing physical activity and optimizing

diets, thereby improving phenotypic flexibility and phys-

ical performance. In our opinion, further research should

elucidate the most effective nutritional and lifestyle

strategies to limit loss of muscle mass during aging and

to conserve phenotypic flexibility, preferably at an indi-

vidual level. From these studies, valuable leads can be

obtained for development of specific dietary and lifestyle

advices for the elderly and stimulate new product devel-

opment by food industry.
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Luiking YC, Verlaan S, Migné C, Boirie Y et al.: 1,25(OH)2-vitamin
D3 enhances the stimulating effect of leucine and insulin on
protein synthesis rate through Akt/PKB and mTOR mediated
pathways in murine C2C12 skeletal myotubes. Mol Nutr Food
Res 2013, 57:2137-2146.

65. Ceglia L, Harris SS: Vitamin D and its role in skeletal muscle.
Calcif Tissue Int 2013, 92:151-162.

66. Bauer JM, Verlaan S, Bautmans I, Brandt K, Donini LM, Maggio M,
McMurdo MET, Mets T, Seal C, Wijers SL et al.: Effects of a
vitamin D and leucine-enriched whey protein nutritional
supplement on measures of sarcopenia in older adults, the
PROVIDE study: A randomized, double-blind, placebo-
controlled trial. J Am Med Dir Assoc 2015, 16:740-747.

67. de Baaij JHF, Hoenderop JGJ, Bindels RJM: Magnesium in man:
implications for health and disease. Physiol Rev 2015, 95:1-46.

68. Ebert SM, Dyle MC, Bullard SA, Dierdorff JM, Murry DJ, Fox DK,
Bongers KS, Lira VA, Meyerholz DK, Talley JJ et al.: Identification
and small molecule inhibition of an activating transcription
factor 4 (ATF4)-dependent pathway to age-related skeletal
muscle weakness and atrophy. J Biol Chem 2015, 290:25497-
25511.

69.
�

Dyle MC, Ebert SM, Cook DP, Kunkel SD, Fox DK, Bongers KS,
Bullard SA, Dierdorff JM, Adams CM: Systems-based discovery
of tomatidine as a natural small molecule inhibitor of skeletal
muscle atrophy. J Biol Chem 2014, 289:14913-14924.

Interesting example of a systems-based strategy to identify a nutritional
compound that may inhibit of muscle atrophy.

70. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W,
Pettersson S: Host-gut microbiota metabolic interactions.
Science 2012, 336:1262-1267.

71. Jeffery IB, O’Toole PW: Diet-microbiota interactions and their
implications for healthy living. Nutrients 2013, 5:234-252.

72. Walsh ME, Bhattacharya A, Sataranatarajan K, Qaisar R, Sloane L,
Rahman MM, Kinter M, Van Remmen H: The histone deacetylase
inhibitor butyrate improves metabolism and reduces muscle
atrophy during aging. Aging Cell 2015, 14:957-970.

73.
��

Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A,
Ben-Yacov O, Lador D, Avnit-Sagi T, Lotan-Pompan M et al.:
Personalized nutrition by prediction of glycemic responses.
Cell 2015, 163:1079-1095.

An unique series of studies including continuous monitoring of blood
glucose, development and validation of an algorithm based on multiple
platforms and a study to demonstrate the benefits of personally tailored
dietary interventions.
Current Opinion in Food Science 2016, 10:60–67

http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0620
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0620
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0620
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0620
http://dx.doi.org/10.1002/jcsm.12099
http://dx.doi.org/10.1002/jcsm.12099
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0630
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0630
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0630
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0630
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0635
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0635
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0635
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0640
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0640
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0640
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0640
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0645
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0645
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0645
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0650
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0650
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0650
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0650
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0650
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0655
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0655
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0655
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0655
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0660
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0660
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0660
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0660
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0665
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0665
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0665
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0670
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0670
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0670
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0675
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0675
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0675
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0675
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0680
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0680
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0680
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0685
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0690
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0690
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0695
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0700
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0700
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0705
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0710
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0710
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0710
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0710
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0715
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0715
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0715
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0720
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0720
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0725
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0725
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0725
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0725
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0730
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0730
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0730
http://refhub.elsevier.com/S2214-7993(16)30091-1/sbref0730

	Translating novel insights from age-related loss of skeletal muscle mass and phenotypic flexibility into diet and lifestyl...
	Consequences of age-related skeletal muscle atrophy for health
	Variation in phenotypic flexibility
	Biomarkers for sarcopenia
	Metabolic signature of skeletal muscle during aging
	Nutritional propositions for the elderly
	References and recommended reading


