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Introduction
Skeletal muscle loss, sarcopenia, occurs in patients 

with a variety of physiological and pathological 
conditions, such as chronic heart failure (CHF), chronic 
kidney disease (CKD), chronic obstructive pulmonary 
disease (COPD), acquired immunodeficiency syndrome 
(AIDS), malignancy and so on, as well as during the 
natural aging process [1,2]. Sarcopenia mainly manifests 
as a reduced skeletal muscle mass, decreased muscle 
strength, and decreased quality of life [3]. Research 
has shown that the muscle mass, strength and physical 
function of the elderly are closely related to nutrition, 
which means that nutrition plays an important role in the 
prevention and treatment of sarcopenia. However, it has 
been estimated that 15% to 38% of older men and 27% 
to 41% of older women do not reach the recommended 
protein intake [4]. Taking in sufficient energy and 
protein, combined with active exercise, are effective 
methods for preventing and managing muscle loss [5,6]. 
The main purpose of the present article is to discuss the 
key role of protein supplementation for the prevention 
and management of sarcopenia, especially in the elderly.

Protein Synthesis and Degradation Signaling 
in Patients with Sarcopenia

Skeletal muscle accounts for approximately 40% 
of the body weight, and 50%-75% of the total body 
protein is present in skeletal muscle. Approximately 
1%-2% of the bodily protein is turned over every day, 
requiring extensive protein synthesis and degradation. 
Nutrient intake is the most important anabolic stimulus 
for skeletal muscle. Specifically, the amino acid leucine 
and meal-induced insulin both independently stimulate 
muscle protein synthesis [7].When protein synthesis 
is greater than protein degradation (e.g., after intaking 
nutrients), there is a positive protein balance. A negative 
balance occurs when protein degradation is greater than 
protein synthesis (e.g., during fasting). Although muscle 
protein synthesis occurs later than the synthesis of other 
proteins, such as plasma and digestive proteins, new 
muscle can still be detected within a few hours after 
interventions promoting muscle protein synthesis.

The Involvement of the mTORC1 Pathway 
in Muscle Protein Synthesis

The process of skeletal muscle protein synthesis is 
complex, involving a tightly-regulated balance of gene 
transcription (including modifications of transcription), 
protein translation, and protein degradation processes. 
The mammalian target of rapamycin (mTOR) pathway is 
the main signaling pathway that regulates muscle protein 
synthesis [8].

The molecular weight of mTOR is 289kDa, and it 
mainly forms two protein complexes: mTORC1 and 
mTORC2. mTORC1 is made up of G protein β-subunit-
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like protein (GβL) and regulatory associated protein 
of mTOR (raptor), while mTORC2 is composed of 
GβL, mSin, and rapamycin-insensitive companion of 
mTOR (rictor). Muscle contraction, insulin, essential 
amino acids, the intake of energy, and other stimulating 
factors can promote protein synthesis through the 
mTORC1 signaling pathway [8]. In addition to serving 
as a substrate for protein synthesis, glucose and amino 
acids (especially leucine) can also stimulate the mTOR1 
signaling pathway directly to promote the translation 
of muscle proteins, consequently promoting muscle 
protein synthesis [9]. The main three ways of stimulating 
the mTORC1 pathway are [10]: (1) glucose activates 
adenosine 5`-monophosphate (AMP)-activated protein 
kinase (AMPK) through the insulin pathway; (2) 
amino acids (especially leucine) activate mTORC1 
through human vacuolar protein sorting-34 (hVps34), 
mitogen-activated protein kinase kinase kinase kinase-3 
(MAP4K3), and Rag guanosine triphosphatases 
(GTPases); (3) growth factors activate mTORC1 
through Akt and the tuberous sclerosis complex 
(TSC1/2complexes). Nutrients can directly or indirectly 
affect these three ways to activate the mTORC1 pathway, 
consequently promoting muscle protein synthesis.

The major effectors of  mTOR1 include p70 
ribosomal S6 kinase 1 (S6K1) and eukaryotic initiation 
factor 4E binding protein 1 (4E-BP1) [11]. S6K1 is a 
positive regulator of mTOR1/protein synthesis [12], 
while 4E-BP1 is a negative regulator of mTOR1/protein 
synthesis [13]. S6K1 stimulates protein synthesis by 
promoting the formation of translational complexes, 
thus promoting protein translation. The mTOR pathway 
may be associated with an increase in muscle mass, and 
rapamycin treatment has been demonstrated to impair 
load-induced myocardial hypertrophy in mice [14]. A 
study by Bolster DR et al. found that resistance training 
could induce rapid activation of the mTOR pathway 
in rat skeletal muscle cells by increasing the rapid 
phosphorylation of S6K1 [15].The increase in muscle 
tissue after resistance training is also related to the 
phosphorylation of S6K1in human type II muscle fibers 
[16]. Dreyer HC et al. also found that resistance training 
could promote human skeletal muscle protein synthesis 
by increasing the activity of AMPK and decreasing the 
phosphorylation of 4E-BP1 [17].

Ubiquitination-Mediated Degradation of 
Muscle Protein 

Muscle degradation can be induced by inflammatory 
reactions, oxidative stress, impaired mitochondrial 
function, insufficient energy and nutrient intake, etc. 
[18]. Intracellular proteins are degraded mainly through 
the ubiquitin-proteasome pathway (UPP). Unwanted 
or damaged proteins are degraded by the proteasome, a 
protein complex composed of 20S core particles, 19S 

regulatory particles and 11S regulatory particles, which 
break peptide bonds. The ubiquitin-mediated degradation 
of protein is the main mechanism underlying the skeletal 
muscle protein loss during sarcopenia [18].

Many factors (such as fasting) may activate the 
UPP to promote protein degradation to release energy. 
Long-term bedridden patients, and those with CHF, 
CKD, and COPD may all have increased proteasome 
activity, resulting in increased degradation of body 
protein, especially muscle protein [19]. In contrast, other 
factors (such as insulin) may inhibit protein degradation 
by reducing the proteasome activity [20]. In addition, 
amino acid or protein imbalances may also inhibit the 
degradation of body proteins by affecting the proteasome 
activity [21]. The ubiquitin-proteasome system (UPS) 
is the main system implicated in tumor cachexia-
associated protein degradation [22], which occurs before 
the loss of muscle tissue [23,24]. Ventrucci G et al. [25] 
found that leucine inhibited the expression of 20S, 19S, 
and 11S of the muscle proteasome in tumor-bearing 
mice, inhibited the ubiquitin-mediated degradation 
of proteins, and promoted myosin synthesis, and thus 
was beneficial in reducing muscle wasting. The target 
protein must be ubiquitinated by specific ubiquitylating 
enzymes before it can be degraded by the proteasome. 
Atrogin-1 and MuRF-1 are the major ubiquitylating 
enzymes involved in skeletal muscle degeneration [26]. 
Transforming growth factor-β (TGF-β) can stimulate 
the transcription of Atrogin-1 and MuRF-1 mRNA, 
thus promoting the degradation of protein, especially 
skeletal muscle proteins [26]. Maki T et al. [27] found 
that branched chain amino acids (BCAA) decreased the 
expression of Atrogin-1 and MuRF-1 in rats with hind 
limb suspension-induced muscle atrophy (HSIMA), and 
this inhibited muscle protein degradation and contributed 
to preventing muscle loss. 

Calcium-dependent Proteolytic System
The calcium-dependent proteolytic system has been 

implicated in different types of muscle atrophy [28]. 
It has been suggested that the apoptosis associated 
with sarcopenia could involve calpain-dependent 
proteolysis rather than caspase-dependent mechanisms 
[29]. Strengthening this idea, m-calpain is expressed 
in the mitochondria, and several calpain substrates 
have recently been identified among components of the 
respiratory chain [30-32]. Apoptosis-inducing factor(AIF) 
and endonuclease G (Endo G) are pro-apoptotic factors 
released from the mitochondria by calpain activity, both 
of which are up-regulated in sarcopenic muscle [29,33]. 
Furthermore, caspase 12, known to be activated by 
m-calpain cleavage, was found to be more active in aged 
muscle [29]. 

In the light of these data and our personal experience, 
we believe that the calcium-dependent proteolytic 
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system plays a pivotal role in the sarcopenic phenotype. 
However, which intracellular calpain-dependent 
pathway(s) is affected during muscle aging remains to be 
elucidated.

Autophagy-lysosomes System
Autophagy is a process by which a flat membrane 

cistern envelops a portion of the cytoplasm, eventually 
forming a closed double-membrane vesicle called the 
autophagosome, which fuses with the lysosome where its 
cargo is degraded [34]. The induction of autophagy in the 
muscles of young mice leads to myofiber atrophy, muscle 
mass loss, and a proportional decrease in muscle strength 
[35]. 

Among the signaling pathways that regulate 
autophagy, transcription factors of the forkhead box 
O (FoxO) family increase autophagic degradation in 
muscle by promoting the expression of autophagy-
related genes [36,37]. For example, it was found that 
muscle-specific overexpression of wild-type FoxO and 
of constitutively active 4E-BP preserves the basal level 
of autophagy and muscle function during aging [38]. 
Moreover, the levels of chaperone proteins Hsp27 and 
a B-crystallin, and of poly-ubiquitylated proteins, are 
increased in the detergent-insoluble fractions of muscles 
in old humans and mice [39,40]. This suggests that 
protein aggregates develop in aged muscles. The muscle-
specific knockout of the key autophagy genes Atg5 and 
Atg7 leads to defective autophagy, the accumulation 
of p62-poly-ubiquitin protein inclusions, abnormal 
mitochondria, and sarcomeric defects that presumably 
explain the decreased muscle strength observed in these 
mice [41]. Furthermore, sustained activation of mTORC1 
signaling in mouse skeletal muscle leads to inhibition of 
autophagy and to a severe myopathy characterized by 
the accumulation of p62-containing protein aggregates 
and dysfunctional mitochondria [42]. Similarly, muscle-
specific loss of AMPK (an inducer of autophagy) 
results in premature age-related muscle weakness and 
mitochondrial dysfunction [43], which is a hallmark of 
sarcopenia. The same phenotype is also seen in mice 
with muscle ablation of mitofusin 2 (Mfn2), which leads 
to inhibition of mitophagy and the accumulation of 
dysfunctional mitochondria [44].

Overall, the above studies highlight the important 
roles of autophagy in regulating several aspects of 
skeletal muscle homeostasis during aging. Moreover, 
changes in skeletal muscle autophagy also have 
important systemic effects.

Effects of Protein and Amino Acid Supple-
mentation on Sarcopenia
Supplementation of essential amino acids (EAA)

Sarcopenia is frequently related to insufficient protein 
intake [45], especially in the elderly [46]. Morley JE 

et al. reported that 32%-41% of females and 22%-38% 
of males ≥ 50 years old consume less protein per day 
than the recommended intake (0.8g/kg∙d) [4]. EAA are 
a major factor that stimulates muscle protein synthesis 
[47]. Although earlier studies indicated that the intake 
of nutrients or amino acids affects 30%-100% of protein 
synthesis, later research showed that the effects were 
mainly due to EAA. In both healthy people and insulin-
resistant patients, amino acids are essential for the 
protein synthesis regulated by insulin-induced mTOR/
S6K1 signaling pathways.

Some studies showed that EAA treatment could 
promote muscle synthesis in elderly patients with 
sarcopenia. Solerte SB et al. [48] designed a study 
where elderly people (aged 66-84) with sarcopenia 
were treated with 8g of EAA per day for 18 months 
(formula including: 2.5g L-leucine, 1.3g L-lysine, 1.25g 
L-isoleucine, 1.25g L-proline, 0.7g L-threonine, 0.3g 
L-cysteine, 0.3g L-histidine, 0.2g L-phenylalanine, 0.1g 
L-methionine, 0.06g L-tyrosine and 0.04g L-tryptophan), 
and found that EAA treatment decreased the serum 
tumor necrosis factor-alpha (TNF-α) level and increased 
the serum insulin-like growth factor-1 (IGF-1) level 
significantly. EAA treatment also increased the insulin 
sensitivity and skeletal muscle mass. 

Some researchers have suggested that combining 
EAA and resistance training may be more effective to 
improve skeletal muscle protein synthesis than EAA 
alone. Drummond MJ et al. [8] found that combining 
EAA with resistance training promoted muscle protein 
synthesis by stimulating the mTORC1 pathway. The 
stimulation of protein synthesis by combined resistance 
training and EAA was delayed in older people compared 
to adult controls,  which provides an additional 
explanation for the skeletal muscle loss in the elderly 
[49].

The determinant of muscle strength and muscle 
quality is not just the total amount of protein taken in, 
but also the quality of the protein and the timing of the 
intake. Some studies have implied that the distribution 
pattern of protein intake affects skeletal muscle protein 
synthesis. Mamerow MM et al. [50] compared the effects 
of a protein supply divided roughly evenly among three 
daily meals (breakfast: 31.5 ± 1.3g, lunch:29.9 ± 1.6g, 
dinner:32.7 ± 1.6g protein) with a protein supply provided 
mainly at dinner (breakfast:10.7 ± 0.8g, lunch:16.0 ± 
0.5g, dinner: 63.4 ± 3.7g) during a 7-day experimental 
period. The results showed that the even protein 
distribution group had more skeletal muscle protein 
synthesis during a 24h period than the imbalanced group. 
However, a recent study reported different results. In that 
study, fourteen older subjects were randomly divided 
into either an EVEN or UNEVEN group. The UNEVEN 
group consumed the majority of their dietary protein 
with dinner (UNEVEN, 15%/20%/65%; breakfast, lunch, 
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dinner), while the EVEN group consumed dietary protein 
evenly throughout the day (EVEN: 33%/33%/33%).The 
results of that study showed no significant differences in 
lean body mass, muscle strength, protein synthesis and 
breakdown, or other functional outcomes between the 
EVEN and UNEVEN groups before and after an 8-week 
intervention [51].

With regard to the timing of protein consumption in 
combination with resistance training, Drummond MJ 
et al. [8] designed an experiment involving 4 groups: a 
resistance exercise group, an EAA group, an EAA intake 
before resistance exercise, and a group immediately 
provided EAA after resistance training. The results 
showed that the muscle protein synthesis rate was 
highest in the group immediately provided EAA after 
resistance exercise group, followed by the EAA group, 
and the EAA intake before resistance exercise group. 
The group treated with resistance exercise alone had the 
lowest muscle protein synthesis rate. This study indicates 
that EAA should be given immediately after resistance 
training to promote muscle protein synthesis.

Supplementation of BCAA
BCAAs includes leucine, isoleucine and valine, 

which all are EAAs. The catabolism of BCAAs mainly 
occurs in skeletal muscle [52]. Beginning in the 1980s, 
BCAAs supplementation was used for patients with 
liver diseases. The long-term application of BCAAs 
increased the albumin levels and improved the quality of 
life in liver cancer patients with chemotherapy-induced 
drug embolization [53]. The BCAAs are also considered 
to have anti-anorexia and anti-cachexia properties. 
Recent studies have confirmed that BCAAs play a role 
in stimulating food intake and preventing muscle loss 
in people with anorexia and weight loss [54]. As noted 
earlier, BCAA also promote muscle synthesis though the 
mTOR pathway [55].

When the body is inactive or immobile,  the 
catabolism of skeletal muscle protein increases. Paddon-
Jones D et al. [47] studied 13 healthy male volunteers 
who were subjected to prolonged (28-day) bedrest. The 
normal meal energy ratio was 50% carbohydrates, 29% 
fat, and 14% protein. However, the experimental group 
was given BCAA-enriched EAA and carbohydrates, at 
16.5g EAA + 30g sucrose, which were administered three 
times per day at 11:00 am, 16:00 pm, and 21:00 pm. 
After 28 days, dual-energy X-ray detection showed that 
the lean leg mass was maintained throughout bedrest in 
the experimental group (+0.2 ± 0.3kg), but decreased 
in the control group (-0.4 ± 0.1kg). In addition, the leg 
extension strength test showed that the strength loss was 
more pronounced in the control group (control, -17.8 ± 
4.4kg; experimental, -8.8 ± 1.4kg), and the fractional 
synthetic rate (FSR) was higher in the experimental 
group (experimental, 0.093 ± 0.006%/h; control, 0.075 ± 

0.005%/h). This study indicates that supplementation of 
BCAA-enriched EAA combined with carbohydrates may 
represent a viable intervention for individuals at risk of 
sarcopenia due to immobility or prolonged bedrest.

HSIMA is a common rat model of muscle atrophy 
that has been used to study immobility-induced muscle 
loss. Maki T et al. [27] found that the expression 
levels of the ubiquitinating enzymes (Atrogin-1 and 
MuRF1) in the HSIMA rat model were decreased by 
BCAA treatment, and that the ubiquitination-mediated 
degradation of muscle protein in rats with sarcopenia 
was inhibited, contributing to preventing muscle loss.

The decrease in the serum concentration of BCAA 
and the increase in the concentration of aromatic amino 
acid (AAA) in patients with advanced cirrhosis are 
believed to be major causes of hepatic encephalopathy 
(HE), sarcopenia and liver cancer. Sarcopenia in 
patients with liver disease may be due to a decrease in 
muscle protein synthesis, and a lack of EAA, including 
BCAAs. Hiraoka A et al. [56] found that in patients 
with cirrhosis who were given BCAAs and prescribed 
walking exercise, their BCAA/tyrosine ratio increased 
after 3 months of intervention, and their muscle mass, 
leg strength and handgrip strength also increased. 
BCAAs supplementation to treat sarcopenia in patients 
with cirrhosis should thus be combined with appropriate 
exercise [57].

Takeuchi I et al. [58] performed a multicenter 
randomized controlled trial in sarcopenic older adults 
undergoing in-hospital rehabilitation who had low muscle 
strength (handgrip strength) and low muscle mass (based 
on the calf circumference) according to the cut-off values 
for older Asians. The intervention group was given 
BCAA and vitamin D, while the control group was not, 
and both groups participated in low-intensity resistance 
training in addition to the post-acute rehabilitation 
program. The results of the 8-week intervention showed 
that the muscle strength, muscle mass, BMI, and serum 
albumin level were all significantly improved compared 
with the control group. This suggests that nutritional 
supplements could stimulate muscle protein synthesis in 
older adults to counteract or prevent muscle loss.

Supplementat ion  of  Leuc ine-enr iched  EAA 
and Leucine Metabolite,  beta-hydroxy-beta-
methylbutyrate (HMB)

In addition to being a substrate for the synthesis of 
peptide chains, amino acids have many other functions, 
such as regulating transcription and translation during 
protein synthesis. Leucine, one of the BCAAs, regulates 
the initiation of mRNA translation and also regulates 
protein turnover (cycling) through the mTOR-dependent 
pathway via 4E-BP1 and p70 (s6k) [59]. Due to its ability 
to stimulate muscle protein synthesis, leucine has been 
receiving a lot of attention. Studies have shown that only 
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leucine, not other essential amino acids, could activate 
the mTORC1 signaling pathway during muscle protein 
synthesis [60]. However, the unique mechanism(s) 
involving leucine still needed to be elucidated.

It is known that leucine inhibits the ubiquitin-
mediated degradation of muscle proteins [25], and it also 
promoted muscle synthesis in mice with cachexia. Peters 
SJ et al. [61] used a C26 tumor-bearing cachectic mouse 
model to assess the effects of dietary supplementation 
with leucine on muscle weight. Male mice were 
subcutaneously inoculated with tumor cells (tumor-
bearing mice; TB) or a sham injection (control, C). The 
mice were fed a standard diet or a diet supplemented 
with leucine; the TB +C group received 8.7% leucine/
g protein, the TB1Leu group received 9.6% leucine/g 
protein and the TB2Leu group received 14.6% leucine/
g protein. After 21 days, the mass of the gastrocnemius 
(mG), tibialis anterior (mTA), extensor digitorum longus 
(mEDL) and soleus (mS) muscles were determined. 
The results showed that higher leucine supplementation 
(TB2Leu) reduced muscle wasting and promoted protein 
synthesis in the cancer cachectic mice.

Leucine is also a muscle-specific amino acid in 
humans. The supplementation of leucine-enriched EAA 
in combination with resistance training could stimulate 
skeletal muscle protein synthesis. Drummond MJ et 
al. [8,62] found that the induction of muscle protein 
synthesis by leucine via the mTOR pathway may 
help to prevent muscle loss in patients with cachexia. 
Interestingly, Katsanos C et al. [63] observed the effects 
of a high leucine diet on muscle protein synthesis in 
the elderly. The leucine ratios were 26% and 41%, 
respectively, and 41% leucine was found to significantly 
stimulate protein synthesis in the elderly compared with 
younger people. 

Devries MC et al. [64] studied the effects of twice-
daily consumption of either a 15 g milk protein beverage 
containing 4.2 g leucine or a 15g mixed protein (milk 
and soy) beverage containing 1.3 g leucine on the 
acute and integrative myofibrillar synthesis in healthy 
elderly women, and found that high leucine levels were 
associated with an increase in the acute myofibrillar 
synthesis. Increasing the leucine-rich protein intake 
strengthens the synthesis of muscle protein in elderly 
women to help maintain muscle mass and function.

Leucine could also change the initial rate of synthesis 
of globular proteins and specific proteins by activating 
specific signaling pathways. For example, Fujita S et 
al. [65] confirmed that leucine-enriched EAA could 
stimulate skeletal muscle synthesis through the mTOR 
signaling pathway in humans. Of note, after providing 
leucine-enriched EAA, leucine and phenylalanine 
were increased in muscle tissue, and the level of 
phosphorylated AMPK was decreased, leading to 
activation of the mTOR signaling pathway. This led to 

a subsequent increase in the FSR%, stimulating skeletal 
muscle synthesis.

The upper limit (UL) of leucine (with regard to safe 
supplementation) has been identified in young men, 
but the UL value of leucine in older men is unclear. 
Rasmussen B et al. [66] investigated the safety of leucine 
supplementation for healthy elderly men, and found that 
the UL for leucine is not different between young men 
and elderly men, and suggested the leucine UL can be set 
at 500mg/kg/day.

Oktaviana J et al. [67] explored the effects of HMB 
on muscle mass, strength and function in older people ( 
> 60 years) with sarcopenia and frailty, where the main 
outcomes were the lean body mass, handgrip strength, 
leg press strength, and Short Physical Performance 
Battery (SPPB) score. The results showed that HMB 
supplementation could increase the lean body mass and 
preserve muscle strength and function in older people 
with sarcopenia or frailty.

Another study [68] highlighted the potential 
relationship between HMB dietary supplements and 
parameters related to the maintenance of muscle mass 
and strength in the elderly. Their findings suggest that 
HMB can prevent muscle atrophy or improve muscle 
mass while increasing muscle strength/function and 
physical performance in elderly people with a reduced 
lean body mass. The European Society of Clinical 
Nutrition and Metabolism guidelines on nutritional 
support for polymorbid internal medicine patients suggest 
that in malnourished inpatients (or in those at high risk 
of malnutrition), nutrient-specific supplementation (with 
HMB) should be administered, as such treatment may 
maintain muscle mass, reduce mortality and improve 
quality of life in these patients [69].

The Role of Whey Protein
Increasing the plasma free amino acid concentration 

is a key factor in promoting skeletal muscle protein 
synthesis in the elderly [70], and supplementing whey 
protein is an effective way to achieve this goal. EAA and 
whey protein may have different effects on stimulating 
muscle protein synthesis in the elderly. Studies have 
found that whey protein intake promoted more muscle 
protein synthesis in the elderly than pure EAA or non-
essential amino acids (NEAA) [71]. Katsanos CS et al. 
randomly divided 15 older people into 3 groups: a whey 
protein group, EAA group, and NEAA group. The whey 
protein group was given 15g whey protein, the EAA 
group was just given 6.17g EAA (exactly contained in 
15g whey protein), and the NEAA group was just given 
7.57g NEAA (exactly contained in 15g whey protein). 
After 3.5h, the muscle phenylalanine balance (reflecting 
positive nitrogen balance) and insulin response were 
measured. It was found that both of these were higher in 
the whey protein group than that in the EAA and NEAA 
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groups, indicating that EAA or NEAA alone could not 
effectively promote positive a nitrogen balance, but whey 
protein with EAA and NEAA contributed to maintaining 
a positive nitrogen balance and increased muscle strength 
during resistance training [71].

There have been reports about whether EAA or 
whey protein is the better supplement. Paddon-Jones 
D et al. [72] found that both EAA and whey protein 
stimulated muscle protein synthesis, while EAA seemed 
to be more effective. In that study, researchers observed 
muscle protein synthesis in healthy elderly individuals 
following the ingestion of an isocaloric whey protein 
(n = 8) or essential amino acid (n = 7) supplement. The 
phenylalanine uptake and mixed muscle FSR were 
calculated during the post-absorptive period and for 3.5h 
following the ingestion of 15g EAA or 15g whey protein. 
The results showed that the phenylalanine uptake and the  
FSR% in the whey protein group were lower than those 
in the EAA group. 

In contrast, Borack MC et al. [73] gave older men a 
soy-dairy protein blend (PB, soybean and whey proteins 
mixed) or whey protein isolate (WPI) after exercise. 
The data showed that both groups had increased amino 
acid concentrations and mTORC1 signaling after protein 
ingestion. There were no significant differences in 
the changes in the plasma amino acid concentration, 
mTORC1 signaling, FSR%, fractional breakdown 
rate (FBR%), or net protein balance between groups, 
suggesting that both PB and WPI ingestion after exercise 
by older men could cause similar responses.

Pennings B et al. [74] studied the stimulatory effects 
of whey protein, casein protein and casein hydrolysate 
on postprandial muscle protein in elderly men, and 
demonstrated that whey stimulates postprandial muscle 
protein accretion more effectively than casein or casein 
hydrolysate. They attributed this effect to whey’s more 
rapid digestion and absorption kinetics and to its higher 
leucine content.

Hays NP et al. [75] compared the nitrogen balance 
of two protein supplements (whey protein or hydrolyzed 
collagen) using a crossover study design for 15 days. The 
results showed that the nitrogen balance and weight in 
the hydrolyzed collagen group were superior to those in 
the whey protein group. The roles of whey protein and 
hydrolyzed collagen need to be further studied in larger 
groups of patients.

Supplementation of Protein Combined with 
Exercise, Vitamin D and Other Treatments

Sarcopenia and osteoporosis are two related diseases 
affecting the elderly, and postmenopausal women are 
more likely to develop both of these conditions. Nutrition 
and lifestyle have a positive impact on the quality and 
function of muscles and bones [76]. Protein, vitamin 
D and calcium supplements, combined with specially 

designed exercise training regimens, may be a good way 
to prevent both sarcopenia and osteoporosis [77].

A randomized, controlled, double-blind study by 
Chanet A et al. [78] investigated the acute effects of 
supplementing breakfast with vitamin D and leucine-
rich whey on the postprandial muscle protein synthesis, 
as well as the long-term muscle quality in healthy elderly 
men. The study was conducted in 24 healthy older men, 
and all participants received a medical nutrition drink 
(test group: 21g leucine-enriched whey protein, 9g 
carbohydrates, 3g fat, 800IU cholecalciferol (vitamin 
D3), and 628kJ) or a noncaloric placebo (control group) 
before breakfast for 6 weeks. The study showed that 
supplementing breakfast with a vitamin D- and leucine-
enriched whey protein nutrition drink stimulated 
postprandial muscle protein synthesis and increased the 
muscle mass after 6 weeks of intervention in healthy 
older men and may therefore be a way to support muscle 
preservation in older people.

Another multicenter, randomized, controlled, double-
blind, 2 parallel-group trial by Bauer JM et al. studied 
the effects of a vitamin D- and leucine-enriched whey 
protein nutritional supplement on measures of sarcopenia 
in 380 sarcopenic primarily independent-living older 
adults with Short Physical Performance Battery (SPPB;0-
12) scores between 4 and 9 and a low skeletal muscle 
mass index. The active group received a vitamin D and 
leucine-enriched whey protein nutritional supplement 
to consume twice daily for 13 weeks. The control group 
received an iso-caloric control product to consume twice 
daily for 13 weeks. The results showed that the 13-week 
intervention using the vitamin D- and leucine-enriched 
whey protein oral nutritional supplement improved 
the muscle mass and lower-extremity function among 
sarcopenic older adults [79].

Bo Y et al. examined the effects of a nutritional 
supplement containing whey protein, vitamin D and 
vitamin E on measures of sarcopenia in a total of 60 
sarcopenic older adult subjects as part of a randomized, 
double-blind, placebo-controlled (iso-caloric control 
product) trial for 6 months. They measured the muscle 
mass [relative skeletal mass index (RSMI) measured by 
bioimpedance analysis (BIA)], muscle strength (handgrip 
strength), physical function (6-m gait speed, chair stand 
test, and timed-up-and-go test, TUG)], quality of life 
(measured by the Short-Form 36-Item Health Survey, 
SF-36), and blood biochemical indices before and after 
the 6-month intervention. The combined supplementation 
of whey protein, vitamin D and vitamin E significantly 
improved the RSMI, muscle strength, and anabolic 
markers such as IGF-1 and IL-2 in older adults with 
sarcopenia [80].

van de Bool C et al. [81] launched a study of 81 
COPD patients with poor muscle mass who were 
admitted for outpatient pulmonary rehabilitation. 
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The patients were randomly given either oral specific 
nutritional supplements (enriched with leucine, vitamin 
D and omega-3 fatty acids) or PLACEBO during four 
months of high intensity exercise training. The study 
found that specific nutritional supplementation had 
beneficial effects on the nutritional status, inspiratory 
muscle strength, and physical activity compared with 
placebo, while the daily steps decreased in the control 
group.

The European Society on Clinical and Economic 
A s pec t s  o f  O s t eopo ros i s ,  O s t eoa r th r i t i s  an d 
Musculoskeletal Diseases (ESCEO) working group 
issued a statement on the importance of adequate 
nutrition for the prevention and treatment of sarcopenia 
in elderly people, with a special emphasis on ensuring 
adequate intake of protein, vitamin D, antioxidants, and 
long-chain polyunsaturated fatty acids at the same time 
[82]. 

Protein Recommendations for Prevention 
and Treatment of Sarcopenia

Mitchell CJ et al. [83] reported that a twice the RDA 
(2RDA) protein diet had beneficial effects on the skeletal 
muscle mass and physical function in elderly men. 
The participants were provided with a complete diet 
containing either 0.8 (RDA) or 1.6 (2RDA) g protein/
kg/d aimed to balance the energy needs, and dual-energy 
X-ray absorptiometry was used to measure the whole-
body and appendicular lean mass before treatment and 
after 10 weeks of intervention. The results showed that 

the whole-body lean mass increased in the 2RDA group 
in comparison with the RDA group, and the appendicular 
lean mass decreased in the RDA group compared with the 
2RDA group. Another study demonstrated that patients 
with sarcopenia need serum 25(OH)D concentrations 
exceeding 50nmol/L and dietary protein intake ( > 1g/kg/d) 
in long-term nutritional interventions, so protein and 
vitamin D supplementation can have beneficial effects 
and can help lead to significant muscle mass gain [84].

In 2010, the Society for Sarcopenia, Cachexia, 
and Wasting Disease (SCWD) proposed nutritional 
recommendations for the management of sarcopenia 
[4]. Senile muscle loss due to aging is associated 
with decreased metabolic efficiency, which requires 
a higher protein intake to promote protein synthesis. 
Among comprehensive measures for preventing senile 
sarcopenia, it is recommended that patients receive 
adequate and balanced energy and protein intake. Elderly 
people are recommended to have a protein intake of 
1.0-1.5 g/kg body weight. It is also recommended that 
elderly people should consume leucine-enriched EAA. 
Supplementation with whey and other dietary proteins, 
particularly in association with exercise training, has 
been proposed to be beneficial for the elderly to help 
them gain and maintain a lean body mass and improve 
health parameters. An intake of approximately 0.4 g 
protein/kg BW per meal (representing 1.2-1.6 g protein/
kg BW/day) may be recommended after taking into 
account potential anabolic resistance [85]. 
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Conclusion
An increasing number of studies are showing that 

the muscle mass, strength and physical function of the 
elderly are closely related to nutrition. Increasing the 
protein intake is the basis for preventing and managing 
muscle loss. Protein therapy for muscle loss requires 
exercise, in combination with other nutrients (such as 
vitamin D), to stimulate muscle synthesis. However, the 
existing research has mainly focused on animal models 
and elderly patients, and large-scale multicenter random 
control trials using standardized protocols are needed 
to provide a more accurate understanding of the human 
requirements at various ages and stages of disease or 
disability.

Conflicts of Interests
The authors declare that there are no conflicts of 

interest.

Funding
This work was supported by NSFC grants from the 

National Natural Science Foundation of China (No. 
81673167) to Hong xia Xu.

References
1. Rolland Y, Czerwinski S, Abellan Van Kan G, Morley JE, Cesari 
M, Onder G, Woo J, Baumgartner R, Pillard F, Boirie Y, Chumlea 
WM, Vellas B. Sarcopenia: its assessment, etiology, pathogenesis, 
consequences and future perspectives. J Nutr Health Aging 
2008;12(7):433-50.
2. Muscaritoli M, Anker SD, Argiles J, Aversa Z, Bauer JM, Biolo G, 
Boirie Y, Bosaeus I, Cederholm T, Costelli P, Fearon KC, Laviano A, 
Maggio M, Rossi Fanelli F, Schneider SM, Schols A, Sieber CC. Con-
sensus definition of sarcopenia, cachexia and pre-cachexia: joint docu-
ment elaborated by Special Interest Groups (SIG) “cachexia-anorexia 
in chronic wasting diseases” and “nutrition in geriatrics”. Clin Nutr 
2010;29(2):154-9.
3. Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass 
(sarcopenia) in older persons is associated with functional impairment 
and physical disability. J Am Geriatr Soc 2002;50(5):889-96.
4. Morley JE, Argiles JM, Evans WJ, Bhasin S, Cella D, Deutz NE, 
Doehner W, Fearon KC, Ferrucci L, Hellerstein MK, Kalantar-Zadeh 
K, Lochs H, MacDonald N, Mulligan K, Muscaritoli M, Ponikowski P, 
Posthauer ME, Rossi Fanelli F, Schambelan M, Schols AM, Schuster 
MW, Anker SD. Nutritional recommendations for the management of 
sarcopenia. J Am Med Dir Assoc 2010;11(6):391-6.
5. Beaudart C, Dawson A, Shaw SC, Harvey NC, Kanis JA, Binkley 
N, Reginster JY, Chapurlat R, Chan DC, Bruyere O, Rizzoli R, Coo-
per C, Dennison EM. Nutrition and physical activity in the preven-
tion and treatment of sarcopenia: systematic review. Osteoporos Int 
2017;28(6):1817-33.
6. Montero-Fernandez N,Serra-Rexach JA. Role of exercise on sarco-
penia in the elderly. Eur J Phys Rehabil Med 2013;49(1):131-43.
7. Makanae Y, Fujita S. Role of exercise and nutrition in the prevention 
of sarcopenia. J Nutr Sci Vitaminol (Tokyo) 2015;61 Suppl:S125-7.

8. Drummond MJ, Dreyer HC, Fry CS, Glynn EL, Rasmussen BB. 
Nutritional and contractile regulation of human skeletal muscle 
protein synthesis and mTORC1 signaling. J Appl Physiol (1985) 
2009;106(4):1374-84.
9. Tan VP, Miyamoto S. Nutrient-sensing mTORC1: Integration of 
metabolic and autophagic signals. J Mol Cell Cardiol 2016;95:31-41.
10. Rabanal-Ruiz Y, Korolchuk VI. mTORC1 and nutrient homeostasis: 
the central role of the lysosome. Int J Mol Sci 2018;19(3). pii: E818.
11. Laplante M, Sabatini DM. mTOR signaling in growth control and 
disease. Cell 2012;149(2):274-93.
12. Hong S, Zhao B, Lombard DB, Fingar DC, Inoki K. Cross-talk be-
tween sirtuin and mammalian target of rapamycin complex 1 (mTORC1) 
signaling in the regulation of S6 kinase 1 (S6K1) phosphorylation. J 
Biol Chem 2014;289(19):13132-41.
13. Musa J, Orth MF, Dallmayer M, Baldauf M, Pardo C, Rotblat B, 
Kirchner T, Leprivier G, Grunewald TG. Eukaryotic initiation factor 
4E-binding protein 1 (4E-BP1): a master regulator of mRNA transla-
tion involved in tumorigenesis. Oncogene 2016;35(36):4675-88.
14. Shioi T, McMullen JR, Tarnavski O, Converso K, Sherwood MC, 
Manning WJ, Izumo S. Rapamycin attenuates load-induced cardiac hy-
pertrophy in mice. Circulation 2003;107(12):1664-70.
15. Bolster DR, Kubica N, Crozier SJ, Williamson DL, Farrell PA, 
Kimball SR, Jefferson LS. Immediate response of mammalian target 
of rapamycin (mTOR)-mediated signalling following acute resistance 
exercise in rat skeletal muscle. J Physiol 2003;553(Pt 1):213-20.
16. Koopman R, Zorenc AH, Gransier RJ, Cameron-Smith D, van Loon 
LJ. Increase in S6K1 phosphorylation in human skeletal muscle fol-
lowing resistance exercise occurs mainly in type II muscle fibers. Am J 
Physiol Endocrinol Metab 2006;290(6):E1245-52.
17. Dreyer HC, Fujita S, Cadenas JG, Chinkes DL, Volpi E, Rasmus-
sen BB. Resistance exercise increases AMPK activity and reduces 4E-
BP1 phosphorylation and protein synthesis in human skeletal muscle. J 
Physiol 2006;576(Pt 2):613-24.
18. Lecker SH, Solomon V, Mitch WE, Goldberg AL. Muscle protein 
breakdown and the critical role of the ubiquitin-proteasome pathway in 
normal and disease states. J Nutr 1999;129(1S Suppl):227s-37s.
19. Rom O, Reznick AZ. The role of E3 ubiquitin-ligases MuRF-
1 and MAFbx in loss of skeletal muscle mass. Free Radic Biol Med 
2016;98:218-30.
20. Weisberg S, Leibel R, Tortoriello DV. Proteasome inhibitors, in-
cluding curcumin, improve pancreatic beta-cell function and insulin 
sensitivity in diabetic mice. Nutr Diabetes 2016;6:e205.
21. Suraweera A, Munch C, Hanssum A, Bertolotti A. Failure of amino 
acid homeostasis causes cell death following proteasome inhibition. 
Mol Cell 2012;48(2):242-53.
22. Tisdale MJ. Cachexia in cancer patients. Nat Rev Cancer 
2002;2(11):862-71.
23. Bossola M, Muscaritoli M, Costelli P, Grieco G, Bonelli G, Pacelli F, 
Rossi Fanelli F, Doglietto GB, Baccino FM. Increased muscle protea-
some activity correlates with disease severity in gastric cancer patients. 
Ann Surg 2003;237(3):384-9.
24. Bossola M, Muscaritoli M, Costelli P, Bellantone R, Pacelli F, 
Busquets S, Argiles J, Lopez-Soriano FJ, Civello IM, Baccino FM, 
Rossi Fanelli F, and Doglietto GB. Increased muscle ubiquitin mRNA 
levels in gastric cancer patients. Am J Physiol Regul Integr Comp 

· 81 · Journal of Nutritional Oncology, May 15, 2019, Volume 4, Number 2



Physiol 2001;280(5):R1518-23.
25. Ventrucci G, Mello MA, Gomes-Marcondes MC. Proteasome ac-
tivity is altered in skeletal muscle tissue of tumour-bearing rats a leu-
cine-rich diet. Endocr Relat Cancer 2004;11(4):887-95.
26. Gumucio JP, Mendias CL. Atrogin-1, MuRF-1, and sarcopenia. En-
docrine 2013;43(1):12-21.
27. Maki T, Yamamoto D, Nakanishi S, Iida K, Iguchi G, Takahashi 
Y, Kaji H, Chihara K, Okimura Y. Branched-chain amino acids reduce 
hindlimb suspension-induced muscle atrophy and protein levels of atro-
gin-1 and MuRF1 in rats. Nutr Res 2012;32(9):676-83.
28. Bartoli M, Richard I. Calpains in muscle wasting. Int J Biochem 
Cell Biol 2005;37(10):2115-33.
29. Dirks AJ, Leeuwenburgh C. Aging and lifelong calorie restriction 
result in adaptations of skeletal muscle apoptosis repressor, apopto-
sis-inducing factor, X-linked inhibitor of apoptosis, caspase-3, and 
caspase-12. Free Radic Biol Med 2004;36(1):27-39.
30. Garcia M, Bondada V, Geddes JW. Mitochondrial localization of 
mu-calpain. Biochem Biophys Res Commun 2005;338(2):1241-7.
31.  Arrington DD, Van Vleet TR, Schnellmann RG. Calpain 10: a 
mitochondrial calpain and its role in calcium-induced mitochondrial 
dysfunction. Am J Physiol Cell Physiol 2006;291(6):C1159-71.
32. Goudenege S, Dargelos E, Claverol S, Bonneu M, Cottin P, Pous-
sard S. Comparative proteomic analysis of myotube caveolae after mil-
li-calpain deregulation. Proteomics 2007;7(18):3289-98.
33. Dupont-Versteegden EE. Apoptosis in muscle atrophy: relevance to 
sarcopenia. Exp Gerontol 2005;40(6):473-81.
34. Jiao J, Demontis F. Skeletal muscle autophagy and its role in sarco-
penia and organismal aging. Curr Opin Pharmacol 2017;34:1-6.
35. Giordano C, Lemaire C, Li T, Kimoff RJ, Petrof BJ. Autophagy-as-
sociated atrophy and metabolic remodeling of the mouse diaphragm 
after short-term intermittent hypoxia. PLoS One 2015;10(6):e0131068.
36. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del 
Piccolo P, Burden SJ, Di Lisi R, Sandri C, Zhao J, Goldberg AL, Schi-
affino S, Sandri M. FoxO3 controls autophagy in skeletal muscle in 
vivo. Cell Metab 2007;6(6):458-71.
37. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S, Lecker 
SH, Goldberg AL. FoxO3 coordinately activates protein degradation 
by the autophagic/lysosomal and proteasomal pathways in atrophying 
muscle cells. Cell Metab 2007;6(6):472-83.
38. Demontis F, Perrimon N. FOXO/4E-BP signaling in Drosophi-
la muscles regulates organism-wide proteostasis during aging. Cell 
2010;143(5):813-25.
39. Hwee DT, Baehr LM, Philp A, Baar K, Bodine SC. Maintenance of 
muscle mass and load-induced growth in Muscle RING Finger 1 null 
mice with age. Aging Cell 2014;13(1):92-101.
40. Yamaguchi T, Arai H, Katayama N, Ishikawa T, Kikumoto K, 
Atomi Y. Age-related increase of insoluble, phosphorylated small heat 
shock proteins in human skeletal muscle. J Gerontol A Biol Sci Med 
Sci 2007;62(5):481-9.
41. Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, Komatsu M, 
Metzger D, Reggiani C, Schiaffino S, Sandri M. Autophagy is required 
to maintain muscle mass. Cell Metab 2009;10(6):507-15.
42. Castets P, Lin S, Rion N, Di Fulvio S, Romanino K, Guridi M, 
Frank S, Tintignac LA, Sinnreich M, Ruegg MA. Sustained activation 
of mTORC1 in skeletal muscle inhibits constitutive and starvation-in-

duced autophagy and causes a severe, late-onset myopathy. Cell Metab 
2013;17(5):731-44.
43. Bujak AL, Crane JD, Lally JS, Ford RJ, Kang SJ, Rebalka IA, 
Green AE, Kemp BE, Hawke TJ, Schertzer JD, Steinberg GR. AMPK 
activation of muscle autophagy prevents fasting-induced hypoglycemia 
and myopathy during aging. Cell Metab 2015;21(6):883-90.
44. Sebastian D, Sorianello E, Segales J, Irazoki A, Ruiz-Bonilla V, 
Sala D, Planet E, Berenguer-Llergo A, Munoz JP, Sanchez-Feutrie 
M, Plana N, Hernandez-Alvarez MI, Serrano AL, Palacin M, Zor-
zano A. Mfn2 deficiency links age-related sarcopenia and impaired 
autophagy to activation of an adaptive mitophagy pathway. EMBO J 
2016;35(15):1677-93.
45. Vellas BJ, Hunt WC, Romero LJ, Koehler KM, Baumgartner RN, 
Garry PJ. Changes in nutritional status and patterns of morbidity among 
free-living elderly persons: a 10-year longitudinal study. Nutrition 
1997;13(6):515-9.
46. Fulgoni VL, 3rd. Current protein intake in America: analysis of the 
National Health and Nutrition Examination Survey, 2003-2004. Am J 
Clin Nutr 2008;87(5):1554s-7s.
47. Paddon-Jones D, Sheffield-Moore M, Urban RJ, Sanford AP, 
Aarsland A, Wolfe RR, and Ferrando AA. Essential amino acid and car-
bohydrate supplementation ameliorates muscle protein loss in humans 
during 28 days bedrest. J Clin Endocrinol Metab 2004;89(9):4351-8.
48. Solerte SB, Gazzaruso C, Bonacasa R, Rondanelli M, Zamboni M, 
Basso C, Locatelli E, Schifino N, Giustina A, and Fioravanti M. Nutri-
tional supplements with oral amino acid mixtures increases whole-body 
lean mass and insulin sensitivity in elderly subjects with sarcopenia. 
Am J Cardiol 2008;101(11a):69e-77e.
49. Drummond MJ, Dreyer HC, Pennings B, Fry CS, Dhanani S, Dillon 
EL, Sheffield-Moore M, Volpi E, Rasmussen BB. Skeletal muscle pro-
tein anabolic response to resistance exercise and essential amino acids 
is delayed with aging. J Appl Physiol (1985) 2008;104(5):1452-61.
50. Mamerow MM, Mettler JA, English KL, Casperson SL, Arent-
son-Lantz E, Sheffield-Moore M, Layman DK, Paddon-Jones D. 
Dietary protein distribution positively influences 24-h muscle protein 
synthesis in healthy adults. J Nutr 2014;144(6):876-80.
51. Kim IY, Schutzler S, Schrader AM, Spencer HJ, Azhar G, Wolfe 
RR, Ferrando AA. Protein intake distribution pattern does not affect 
anabolic response, lean body mass, muscle strength or function over 
8 weeks in older adults: A randomized-controlled trial. Clin Nutr 
2018;37(2):488-93.
52. Shimomura Y, Murakami T, Nakai N, Nagasaki M, Harris RA. Ex-
ercise promotes BCAA catabolism: effects of BCAA supplementation 
on skeletal muscle during exercise. J Nutr 2004;134(6 Suppl):1583s-7s.
53. Poon RT, Yu WC, Fan ST, Wong J. Long-term oral branched 
chain amino acids in patients undergoing chemoembolization for he-
patocellular carcinoma: a randomized trial. Aliment Pharmacol Ther 
2004;19(7):779-88.
54. Laviano A, Muscaritoli M, Cascino A, Preziosa I, Inui A, Man-
tovani G, Rossi-Fanelli F. Branched-chain amino acids: the best 
compromise to achieve anabolism? Curr Opin Clin Nutr Metab Care 
2005;8(4):408-14.
55. Kimball SR, Jefferson LS. Signaling pathways and molecular mech-
anisms through which branched-chain amino acids mediate translation-
al control of protein synthesis. J Nutr 2006;136(1 Suppl):227s-31s.

· 82 ·Journal of Nutritional Oncology, May 15, 2019, Volume 4, Number 2



56. Hiraoka A, Michitaka K, Kiguchi D, Izumoto H, Ueki H, Kaneto 
M, Kitahata S, Aibiki T, Okudaira T, Tomida H, Miyamoto Y, Yamago 
H, Suga Y, Iwasaki R, Mori K, Miyata H, Tsubouchi E, Kishida M, 
Ninomiya T, Kohgami S, Hirooka M, Tokumoto Y, Abe M, Matsuura B, 
Hiasa Y. Efficacy of branched-chain amino acid supplementation and 
walking exercise for preventing sarcopenia in patients with liver cirrho-
sis. Eur J Gastroenterol Hepatol 2017;29(12):1416-23.
57. Tajiri K, Shimizu Y. Branched-chain amino acids in liver diseases. 
Transl Gastroenterol Hepatol 2018;3:47.
58. Takeuchi I, Yoshimura Y. Effects of branched-chain amino acids 
and vitamin D supplementation on physical function, muscle mass and 
strength, and nutritional status in sarcopenic older adults undergoing 
hospital-based rehabilitation: A multicenter randomized controlled trial. 
Geriatr Gerontol Int 2019;19(1):12-7.
59. Anthony TG, Anthony JC, Yoshizawa F, Kimball SR, Jefferson LS. 
Oral administration of leucine stimulates ribosomal protein mRNA 
translation but not global rates of protein synthesis in the liver of rats. J 
Nutr 2001;131(4):1171-6.
60. Crozier SJ, Kimball SR, Emmert SW, Anthony JC, Jefferson LS. 
Oral leucine administration stimulates protein synthesis in rat skeletal 
muscle. J Nutr 2005;135(3):376-82.
61. Peters SJ, van Helvoort A, Kegler D, Argiles JM, Luiking YC, Lavi-
ano A, van Bergenhenegouwen J, Deutz NE, Haagsman HP, Gorselink 
M, van Norren K. Dose-dependent effects of leucine supplementation 
on preservation of muscle mass in cancer cachectic mice. Oncol Rep 
2011;26(1):247-54.
62. Drummond MJ, Rasmussen BB. Leucine-enriched nutrients and 
the regulation of mammalian target of rapamycin signalling and human 
skeletal muscle protein synthesis. Curr Opin Clin Nutr Metab Care 
2008;11(3):222-6.
63. Katsanos C, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe 
RR. A high proportion of leucine is required for optimal stimulation 
of the rate of muscle protein synthesis by essential amino acids in the 
elderly. Am J Physiol Endocrinol Metab 2006;291(2):E381-7.
64. Devries MC, McGlory C, Bolster DR, Kamil A, Rahn M, Harkness 
L, Baker SK, Phillips SM. Protein leucine content is a determinant of 
shorter- and longer-term muscle protein synthetic responses at rest and 
following resistance exercise in healthy older women: a randomized, 
controlled trial. Am J Clin Nutr 2018;107(2):217-26.
65. Fujita S, Dreyer HC, Drummond MJ, Glynn EL, Cadenas JG, 
Yoshizawa F, Volpi E, Rasmussen BB. Nutrient signalling in the regula-
tion of human muscle protein synthesis. J Physiol 2007;582(Pt 2):813-
23.
66. Rasmussen B, Gilbert E, Turki A, Madden K, Elango R. Determi-
nation of the safety of leucine supplementation in healthy elderly men. 
Amino Acids 2016;48(7):1707-16.
67. Oktaviana J, Zanker J, Vogrin S, Duque G. The effect of be-
ta-hydroxy-beta-methylbutyrate (hmb) on sarcopenia and functional 
frailty in older persons: A systematic review. J Nutr Health Aging 
2019;23(2):145-50.
68. Landi F, Calvani R, Picca A, Marzetti E. Beta-hydroxy-beta-meth-
ylbutyrate and sarcopenia: from biological plausibility to clinical evi-
dence. Curr Opin Clin Nutr Metab Care 2019;22(1):37-43.
69. Gomes F, Schuetz P, Bounoure L, Austin P, Ballesteros-Pomar M, 
Cederholm T, Fletcher J, Laviano A, Norman K, Poulia KA, Ravasco P, 

Schneider SM, Stanga Z, Weekes CE, Bischoff SC. ESPEN guidelines 
on nutritional support for polymorbid internal medicine patients. Clin 
Nutr 2018;37(1):336-53.
70. Wolfe RR. Regulation of muscle protein by amino acids. J Nutr 
2002;132(10):3219s-24s.
71. Katsanos CS, Chinkes DL, Paddon-Jones D, Zhang XJ, Aarsland A, 
Wolfe RR. Whey protein ingestion in elderly persons results in greater 
muscle protein accrual than ingestion of its constituent essential amino 
acid content. Nutr Res 2008;28(10):651-8.
72. Paddon-Jones D, Sheffield-Moore M, Katsanos CS, Zhang XJ, 
Wolfe RR. Differential stimulation of muscle protein synthesis in el-
derly humans following isocaloric ingestion of amino acids or whey 
protein. Exp Gerontol 2006;41(2):215-9.
73. Borack MS, Reidy PT, Husaini SH, Markofski MM, Deer RR, 
Richison AB, Lambert BS, Cope MB, Mukherjea R, Jennings K, Volpi 
E, Rasmussen BB. Soy-dairy protein blend or whey protein isolate 
ingestion induces similar postexercise muscle mechanistic target of 
rapamycin complex 1 signaling and protein synthesis responses in older 
men. J Nutr 2016;146(12):2468-75.
74. Pennings B, Boirie Y, Senden JM, Gijsen AP, Kuipers H, van Loon 
LJ. Whey protein stimulates postprandial muscle protein accretion 
more effectively than do casein and casein hydrolysate in older men. 
Am J Clin Nutr 2011;93(5):997-1005.
75. Hays NP, Kim H, Wells AM, Kajkenova O, Evans WJ. Effects of 
whey and fortified collagen hydrolysate protein supplements on nitro-
gen balance and body composition in older women. J Am Diet Assoc 
2009;109(6):1082-7.
76. Woo J. Nutritional interventions in sarcopenia: where do we stand? 
Curr Opin Clin Nutr Metab Care 2018;21(1):19-23.
77. Agostini D, Zeppa Donati S. Muscle and bone health in postmeno-
pausal women: role of protein and vitamin d supplementation combined 
with exercise training. Nutrients 2018;10(8): pii: E1103.
78. Chanet A, Verlaan S, Salles J, Giraudet C, Patrac V, Pidou V, Pouyet 
C, Hafnaoui N, Blot A, Cano N, Farigon N, Bongers A, Jourdan M, Lu-
iking Y, Walrand S, Boirie Y. Supplementing breakfast with a vitamin 
d and leucine-enriched whey protein medical nutrition drink enhances 
postprandial muscle protein synthesis and muscle mass in healthy older 
men. J Nutr 2017;147(12):2262-71.
79. Bauer JM, Verlaan S, Bautmans I, Brandt K, Donini LM, Maggio 
M, McMurdo ME, Mets T, Seal C, Wijers SL, Ceda GP, De Vito G, 
Donders G, Drey M, Greig C, Holmback U, Narici M, McPhee J, Pog-
giogalle E, Power D, Scafoglieri A, Schultz R, Sieber CC, Cederholm 
T. 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(9):740-7.
80. Bo Y, Liu C, Ji Z, Yang R, An Q, Zhang X, You J, Duan D, Sun 
Y, Zhu Y, Cui H, Lu Q. A high whey protein, vitamin D and E supple-
ment preserves muscle mass, strength, and quality of life in sarcopenic 
older adults: A double-blind randomized controlled trial. Clin Nutr 
2019;38(1):159-64.
81. van de Bool C, Rutten EPA, van Helvoort A, Franssen FME, 
Wouters EFM, Schols A. A randomized clinical trial investigating the 
efficacy of targeted nutrition as adjunct to exercise training in COPD. J 
Cachexia Sarcopenia Muscle 2017;8(5):748-58.

· 83 · Journal of Nutritional Oncology, May 15, 2019, Volume 4, Number 2



82. Robinson SM, Reginster JY, Rizzoli R, Shaw SC, Kanis JA, Baut-
mans I, Bischoff-Ferrari H, Bruyere O, Cesari M, Dawson-Hughes B, 
Fielding RA, Kaufman JM, Landi F, Malafarina V, Rolland Y, van Loon 
LJ, Vellas B, Visser M, Cooper C. Does nutrition play a role in the pre-
vention and management of sarcopenia? Clin Nutr 2018;37(4):1121-32.
83. Mitchell CJ, Milan AM. The effects of dietary protein intake on 
appendicular lean mass and muscle function in elderly men: a 10-wk 
randomized controlled trial. Am J Clin Nutr 2017;106(6):1375-83.

84. Verlaan S, Maier AB, Bauer JM, Bautmans I, Brandt K, Donini 
LM, Maggio M, McMurdo MET, Mets T, Seal C, Wijers SLJ, Sieber 
C, Boirie Y, Cederholm T. Sufficient levels of 25-hydroxyvitamin D 
and protein intake required to increase muscle mass in sarcopenic older 
adults - The PROVIDE study. Clin Nutr 2018;37(2):551-7.
85. Lancha AH Jr, Zanella R Jr, Tanabe SG, Andriamihaja M, Blachier F. 
Dietary protein supplementation in the elderly for limiting muscle mass 
loss. Amino Acids 2017;49(1):33-47.

Received: March 15, 2019 Revised: April 20, 2019 Accepted: April 8, 2019

· 84 ·Journal of Nutritional Oncology, May 15, 2019, Volume 4, Number 2




