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Purpose of review

To review the efficacy of dietary protein supplementation in attenuating muscle atrophy

in cachexia.

Recent findings

Only very few recent randomized controlled trials have studied the effects of protein

supplementation in clinical cachexia. It appears that supplementation of dietary protein

(>1.5 g/kg per day) alone or in combination with other anabolic stimuli such as exercise

training maintains or even improves muscle mass, but results on muscle function are

controversial and no clinical studies have yet directly linked alterations in cellular

signaling or metabolic signatures of protein intake-induced muscle anabolism to muscle

weight gain.

Summary

To elucidate the role of dietary protein supplementation in attenuating muscle atrophy in

cachectic patients, randomized clinical trials are needed in adequately phenotyped

patients using sensitive measures of muscle mass and function.
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Introduction

Cachexia is a complex debilitating metabolic syndrome

associated with underlying illness [1��] that may not yet

be cured but benefit from a multidimensional therapeutic

approach consisting of nutritional support, exercise train-

ing and/or pharmacological treatment. Although muscle

protein wasting is the most distinctive feature of

cachexia, the relative influence on muscle protein turn-

over of common denominators of chronic disease pro-

gression, that is, adaptive low physical activity level,

compulsory inactivity during acute hospitalization or

advancing age versus disease-specific factors such as

inflammation and hypoxia, remains unclear. In addition,

the relative contribution of dietary protein intake in

maintenance or accretion of muscle mass in the different

stages of chronic wasting diseases remains unidentified

and receives scarce attention in current clinical practice.

Efficacy of dietary protein supplementation may not only

depend on protein quantity and the specific amino acid

formulation but also on the underlying disease and

clinical condition, as well as on presence of other inter-

vention strategies targeted at muscle maintenance.

These issues can only be addressed by a translational

research approach including relevant in-vitro and in-vivo

experimental models and controlled clinical trials with

adequately phenotyped patients and appropriate out-
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come measures. In this review, we will elaborate the

efficacy of dietary protein supplementation in counter-

acting muscle atrophy in cachexia by discussing recent

findings of intervention studies in muscle wasting patients

and by reviewing the putative molecular mechanisms by

which dietary protein regulates muscle protein turnover.
Optimal protein intake in cachexia
Maintenance of muscle is determined by the balance

between muscle protein synthesis and breakdown, and

therefore, to accomplish maintenance or even restoration

of muscle mass in cachexia, maximal stimulation of

protein synthesis and inhibition of degradation is desired.

This requires optimal dietary protein intake, which may

very well exceed the Recommended Dietary Allowance

(RDA) of 0.8 grams (g) of protein per kilogram (kg) of

body weight per day, the amount of protein that ade-

quately maintains nitrogen balance in healthy individ-

uals, including the elderly [2�]. Current estimations of

protein requirements are mainly derived from studies on

non-cachectic individuals, although some study popu-

lations shared characteristics of cachexia such as disuse.

For instance, 45 g of essential amino acids per day, in

addition to the RDA for protein, preserved muscle

strength outcome during compulsory bed rest in elderly

volunteers [3]. Optimal protein requirements are difficult
orized reproduction of this article is prohibited.
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to estimate as they may depend on the protocol, that is,

higher values are obtained in short-term studies and

estimates may be 40–50% higher using tracer method-

ology than using nitrogen balance studies [4]. Despite

these difficulties and the possible variations in protein

requirements in different diseases and clinical conditions,

a minimum of 1.5 g/kg of body weight per day or 15–20%

of total caloric intake appears justified for cachexia,

considering that this amount was determined as optimal

protein intake in sarcopenia [5�], which is also character-

ized by muscle depletion. Furthermore, experimental

evidence and recent clinical studies indicate that in

contrast to sarcopenia, in which a decreased muscle

protein synthetic response has been identified, active

cachexia is also characterized by increased muscle protein

degradation [6,7].

For optimal dietary supplementation in cachexia, protein

source and meal composition also need to be considered,

as in the elderly, muscle protein synthesis was hypo-

thesized to be blunted when protein and carbohydrate are

coingested or when the quantity of protein is less than

20 g/meal [8]. Finally, timing of protein intake may be

important in cachectic patients to avoid adverse effects

of high protein intake on overall dietary intake in view of

recently described dose-dependent satiating effects of

protein in healthy volunteers [9].
Effects of protein and amino acids on muscle
mass
There are few recent randomized controlled trials

(RCTs) investigating the effect of protein in muscle

wasted patients, but these trials do provide new insights

into the positioning of nutritional intervention in attenu-

ating muscle atrophy. A recent RCT, which included 59

outpatients with advanced chronic obstructive pulmon-

ary disorder (COPD), reported a positive effect of dietary

counseling and food fortification (using milk powder) on

muscle mass [10��]. The intervention group consumed

more energy and protein (�1.47 g/kg body weight; mean

difference 11.8 g/day), resulting in weight gain and main-

tenance of muscle mass during 6 months of intervention

period and weight maintenance during 6 months of

follow-up. Although control COPD patients lost weight

and muscle mass throughout the study, significant differ-

ences were observed between the groups in quality of

life, but not in skeletal muscle function. Campbell et al.
[11��] performed a RCT of individualized nutritional

counseling in 56 patients with chronic kidney disease.

Intervention aimed at a protein and energy intake of

0.8–1.0 g/kg and at least 125 kJ/kg, respectively, per day.

During 12 weeks, the decrease in body cell mass was

reduced (3.5%) by the intervention, with a greater

increase in energy intake, but no difference in measur-

able overall protein intake showing that a protein intake
opyright © Lippincott Williams & Wilkins. Unautho
around the RDA may attenuate muscle atrophy, but not

stimulate muscle regrowth. The effect of increasing

protein intake was also investigated in 38 muscle

wasted patients with stable chronic heart failure [12��].

Oral supplementation of essential amino acids (8 g/day

for 8 weeks in addition to habitual dietary intake

�125 kJ/kg and protein intake >1.1 g/kg) resulted in a

greater increase in body weight compared with nonsup-

plemented patients (80% of supplemented patients

versus 30% of controls >1 kg of body weight gain).

Changes in arm muscle size and nitrogen balance were

similar but only supplemented patients improved exercise

output, peak oxygen consumption and walking distance,

illustrating an apparent dissociation between effects of

nutritional supplementation on muscle mass versus

muscle endurance. These studies confirm the argumenta-

tion that a protein intake of at least 1.5 g/kg body weight is

needed to induce slight muscle hypertrophy.

Limited studies have yet compared muscle anabolic

effects of selective proteins or focused on specific amino

acids in patients at risk or suffering from cachexia. In a

short-term tracer experiment, Engelen et al. [13] reported

that supplementation of branched-chain amino acids

(BCAAs) to a soy protein meal resulted in a significant

acute increase in whole body protein synthesis in weight

stable COPD patients with borderline muscle mass but

not in age-matched healthy controls. In a recent RCT,

the effect of supplementation of a combination of

b-hydroxyl b-methyl butyrate (a metabolite of the essen-

tial amino acid leucine), glutamine and arginine was

studied in weight losing cancer patients with stage III

or IV solid tumors or currently metastatic cancer of any

initial stage. Administration of this supplement for

8 weeks did not result in significant changes in lean body

mass [14��]. Because the experimental conditions in both

studies were different and no information on protein

balance was available in both groups, no definite con-

clusions can be drawn and further research should be

conducted to clarify the role of specific amino acid

supplementation in maintaining muscle mass or prevent-

ing muscle wasting during acute weight loss.

Because the cause of cachexia is considered multifactor-

ial, numerous studies have indicated that next to isolated

nutritional supplementation, other intervention strat-

egies could be beneficial in attenuating muscle atrophy

in cachexia. The beneficial effects of resistance training

on maintenance of muscle mass and function in sarco-

penia have recently been highlighted [15], but limited

studies have specifically addressed the additive effects of

nutritional supplementation to (resistance) exercise in

cachexia. Several studies on patients with COPD showed

that protein/carbohydrate-rich supplements as integrated

part of a pulmonary rehabilitation program were effective

in inducing (muscle) weight gain and improving physical
rized reproduction of this article is prohibited.
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performance [16–18], but only one study [19] was yet

able to disentangle the effect of nutritional support as

adjunct to exercise training. In this study, cachectic

patients receiving exercise only did not gain weight or

increase muscle mass in contrast to those receiving exer-

cise, nutritional supplementation and anabolic steroids.

Agin et al. [20] studied in a RCT the effect of 14 weeks of

intervention consisting of whey protein (1 g/kg body

weight) in addition to consumption of energy and protein

above RDA. Treatment with whey protein promoted

weight and fat gain with little effect on physical function

and quality of life, whereas resistance training increased

muscle mass, muscle strength and quality of life, leading

to functional improvement. Combining whey protein and

resistance exercise did not further promote accretion of

muscle mass achieved by exercise alone. Potential enhan-

cing effect of anabolic pharmacological agents as single

therapy or as precursor or cotreatment of the muscle

growth response to rehabilitation is currently a hot topic.

The efficacy of anabolics is affected by protein intake,

but no clinical data are available regarding the response to

anabolics in cachexia during normal and high protein

intake (0.8–1.0 versus >1.5 g/kg body weight, respec-

tively).
Molecular regulation of muscle protein
metabolism by dietary protein in cachexia
Despite the potential for dietary protein in attenuating

muscle atrophy in cachexia, no clinical studies are avail-

able in which the putative molecular mechanisms by

which dietary protein influences muscle protein turnover

have been addressed. This could, however, be instru-

mental in optimizing and fine-tuning the dose, compo-

sition and timing of dietary protein as well as potential

combined treatments. To this end, the following para-

graphs will discuss the molecular mechanisms of protein

synthesis and breakdown, which could be involved in

beneficial effects of dietary protein in attenuating muscle

atrophy.
Regulation of muscle protein synthesis by
dietary protein
The regulation of muscle protein synthesis is very similar

to that of other cell types, whereas some protein degra-

dation routes unique to striated muscle have been ident-

ified. In nonpathological conditions, modulation of

muscle protein turnover relies on the postprandial avail-

ability of nutrients like amino acids, which directly, and

indirectly via the actions of or in combination with

insulin, stimulate muscle protein synthesis and decrease

degradation (Fig. 1). Anabolic effect of amino acids may

partly be attributed to increased substrate availability;

however, a mixture of the BCAAs or leucine alone

stimulates protein synthesis to the same extent as a
opyright © Lippincott Williams & Wilkins. Unauth
complete mixture of amino acids, indicative of a signaling

role of these particular amino acids [21–23]. In contrast to

protein synthesis signaling by insulin [24] or insulin-like

growth factor-I (IGF-I) [25], these anabolic actions of

BCAAs do not appear to be receptor-mediated [26], or

require insulin receptor substrate (IRS-1) phosphatidyl-

inositol-3 kinase (PI3K), and PKB/Akt activation. Sub-

sequent signaling to increase protein synthesis by insulin/

IGF-I involves stimulation of mRNA translation via

activation of eukaryotic initiation factors (eIFs) by inhi-

bition of glycogen synthase kinase (GSK)-3 and acti-

vation of mammalian target of rapamycin (mTOR;

reviewed in detail by Glass [25] and Proud [24]). Inhibi-

tion of GSK-3 abrogates its suppressive effect on eIF2B.

Currently, there is no evidence to support regulation of

GSK-3 activity by amino acids in the control of transla-

tion initiation. mTOR, on the other hand, is activated

indirectly by Akt signaling – as this suppresses TSC1/

2-inhibition of mTOR – resulting in increased activity of

eukaryotic translation initiation factor 4E (eIF4E) as a

consequence of the dissociation of eukaryotic translation

initiation factor 4E binding protein 1 (4E-BP1) following

mTOR-mediated phosphorylation. In addition to stimu-

latory effects on eIF activity, insulin/IGF-I signaling also

promotes protein synthesis by increasing translation

capacity and elongation. This occurs via phosphorylation

of S6K1/2 and eIF-4E by the mTORC1 complex (mTOR

associated with raptor and GbL) [27]. Supplementation

of rats, which were starved for 18 h, with dietary protein

results in decreased binding of 4E-BP1 to eIF4E [28],

whereas long-term amino acid supplementation attenu-

ated aging-induced decrease in muscle sarcomers [29�].

However, dietary protein supplementation does not

always result in differences on muscle protein metab-

olism as is indicated by unchanged 13C-valine enrich-

ment in muscle tissue [30], or muscle mass in tumor-

bearing mice [31�].

Leucine alone is sufficient to increase protein synthesis,

which is mediated via the phosphorylation of 4E-BP1 and

S6K1 as a result of phosphorylation and activation of

mTOR in the mTORC1 complex. Of all amino acids,

leucine appears the most potent stimulator of mTORC1

phosphorylation [22]. Glutamine even has inhibiting

effects on mTORC1 signaling in cultured muscle cells

[32,33]. The mechanism by which leucine stimulates

mTORC1 phosphorylation is not fully understood, but

human vacuolar protein sorting-34 (hVps34) and mitogen-

activated protein kinase-3 (MAP4K3) have recently been

described to be involved [34,35]. Leucine also stimulates

protein synthesis by inhibiting adenosine monophos-

phate-activated protein kinase (AMPK)-mediated phos-

phorylation of TSC2, which negatively controls mTORC1,

linking energy availability to mTORC1 signaling [23].

Indeed, supplementation of dietary leucine increased

phosphorylation of mTOR, S6K1 and 4E-BP1 and
orized reproduction of this article is prohibited.
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Figure 1 Regulation of protein synthesis and degradation by insulin/insulin-like growth factor-I and leucine signaling
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formation of active eIF4E complex in 7-day-old piglets

[36]. In contrast, addition of leucine had no effect on

muscle or carcass weight in cachectic mice [31�]. This

could be explained by the recent finding that dietary

leucine influences peak activation but not duration of

skeletal muscle protein synthesis and mTOR activation

[37�]. Discrepancies between anabolic signaling signatures

and muscle maintenance have also been described in

weight stable COPD patients with muscle atrophy, as

increased phosphorylation of Akt and downstream

mediators (i.e., 4E-BP1, S6K1 and GSK-3b) were

explained as a failed attempt to maintain muscle mass [38].
Regulation of protein degradation by dietary
protein
Maintenance of muscle mass by insulin/IGF-I signaling

also involves suppression of protein degradation. Proteo-

lytic systems known to be suppressed by insulin/IGF-I

signaling include the 26S-ubiquitin (Ub) proteasome path-

way (UPP) [25] and lysosomal protein degradation (auto-

phagy) [39]. In muscle, increased protein degradation by

the UPP has been shown to be of great importance in

muscle atrophy in experimental models [25] and humans

[40]. Although various components of the UPP have been

reported to be increased during active atrophy, the most
opyright © Lippincott Williams & Wilkins. Unautho
consistent are the increased expressions of striated muscle-

specific E3 Ub-ligases MuRF1 and atrogin-1/MAFbx. The

expression of these so-called ‘atrogenes’ is negatively

regulated by insulin/IGF-I signaling [41,42]. The molecu-

lar basis for this control of UPP-mediated protein degra-

dation has to a large extent been clarified and relies on the

negative regulation of the transcription factors FOXO1/3

[42,43]. In the presence of insulin/IGF-I, Akt-mediated

phosphorylation inhibits FOXO1/3 nuclear translocation,

suppressing FOXO-dependent transcription of atrogin-1

and MuRF1. Interestingly, the expression of Bnip3 – an

essential protein in lysosomal protein degradation – is also

regulated by FOXO3, demonstrating how insulin signaling

controls multiple proteolytic systems in skeletal muscle

[44].

In a recent study, it was shown that dietary leucine

supplementation inhibits muscle protein breakdown in

rats [45]. In cultured muscle cells, insulin and leucine

were found to act additively in downregulating 14kDa

E2 Ub-conjugating enzyme expression [46], whereas

BCAA reduced atrogin-1 and MuRF1 expression [47].

The signaling route employed by leucine to inhibit atro-

gin-1 and MuRF1 expression has not been identified.

However, as IGF-I-mediated inhibition of atrogin-1 and

MuRF1 expression was shown to require mTOR activity
rized reproduction of this article is prohibited.
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[48], it is tempting to speculate that leucine may decrease

expression of the atrogenes by activation of mTOR.

Despite our increasing understanding based on exper-

imental studies of the mechanisms by which protein/

amino acids can directly or indirectly stimulate anabolic

or anticatabolic signaling, much of this awaits confir-

mation in cachexia models and clinical cachexia.
Conclusion
Recent in-vitro studies provide convincing evidence for

proanabolic and anticatabolic effects of amino acids, but

limited data are available in experimental animal models

and in patients suffering from cachexia. Recent studies

on weight stable patients with muscle atrophy show that

enhancing protein intake may result in maintenance or

accretion of muscle mass depending on the amount of

protein. Efficacy in terms of muscle regain and physical

functioning appears enhanced when patients receive an

additional anabolic stimulus such as exercise training, but

more RCTs are needed to disentangle the effects of

dietary protein and resistance exercise on muscle mass

and functional improvement in acute and chronic wast-

ing. In contrast to sarcopenia, relatively little attention

has been given to potential differential effects of differ-

ent types of protein or of specific amino acids on muscle

wasting in cachectic patients. Surprisingly, the efficacy of

protein intake in attenuation of muscle atrophy in cancer

(pre)cachexia or as adjunct to cancer specific therapy is

still rarely investigated in RCTs. The variable disease

course of many chronic wasting conditions may also

demand fine tuning of protein supplementation, but no

data are yet available on, for example, protein require-

ments in specific diseases during clinically and weight

stable conditions, in comparison to acute exacerbations or

in the recovery phase. Therefore, to optimize the appli-

cation of dietary protein in cachexia management, expan-

sion of supplementation studies in experimental cachexia

models is required, as well as increased efforts to conduct

proof-of-concept controlled clinical trials, which combine

molecular signatures of protein turnover regulation in

skeletal muscle biopsies and sensitive measures of

muscle mass and function.
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