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Abstract

Purpose of Review—To highlight recent studies which have examined the cell signalling 

mechanisms responsible for the amino acid (primarily leucine and the essential amino acids) 

stimulation of human skeletal muscle protein synthesis.

Recent Findings—Ingestion of a leucine-enriched essential amino acid nutrient solution rapidly 

and potently activates the mammalian target of rapamycin (mTOR) signalling pathway and protein 

synthesis in human skeletal muscle. Further, mTOR signalling and muscle protein synthesis are 

enhanced when leucine-enriched nutrients are ingested following resistance exercise. The addition 

of leucine to regular meals may improve the ability of feeding to stimulate protein synthesis in old 

human muscle.

Summary—Leucine and essential amino acids appear to stimulate human muscle protein 

synthesis primarily by activating the mTOR signalling pathway. How human muscle cells sense an 

increase in leucine and/or essential amino acids to activate mTOR signalling is currently unknown. 

However, recent work suggests that the kinases hVps34 and MAP43K may be involved. Leucine-

enriched essential amino acid ingestion, in combination with resistance exercise in some cases, 

may be a useful intervention to promote mTOR signalling and protein synthesis in an effort to 

counteract a variety of muscle wasting conditions (e.g. sarcopenia, cachexia, AIDS, inactivity/bed-

rest, sepsis, kidney failure, and trauma).
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Introduction

Muscle wasting is common in conditions such as cancer, AIDS, trauma, and sepsis, and is 

particularly prevalent in the elderly and during periods of physical inactivity including bed-

rest, weightlessness and bone fractures [1]. Skeletal muscle comprises about 40% of body 

weight and contains 50-75% of all proteins in the human body [2]. The turnover of total 

body proteins, which is comprised of the simultaneous and energetic processes of protein 

synthesis and protein breakdown, may account for ~20% of resting energy expenditure [2]. 

In fact, quantitative estimates suggest that about 1-2% of all skeletal muscle is synthesized 
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and broken down daily [3]. Even though skeletal muscle protein turnover is relatively slow 

in comparison to other tissues, the predominance of skeletal muscle means that it accounts 

for a large part of whole body protein turnover. A key role of skeletal muscle is to convert 

chemical energy into mechanical energy for movement. However, muscle is also an 

important regulator of metabolism by serving as a storage site of energy and nitrogen, 

providing gluconeogenic substrates and fuels for other tissues, and playing an important role 

in delivering substrate during malnutrition, starvation, injury, and disease [4].

In all conditions that lead to muscle wasting it is imperative to implement interventions to 

maintain and, possibly, increase skeletal muscle mass in order to reduce complications, 

improve function, and increase survival. Two useful interventions which can be used almost 

universally to counteract muscle loss with no major contraindications are nutrition and 

resistance exercise. However, for such interventions to be effective it is important to 

precisely understand the mechanisms by which they lead to muscle growth. There have been 

several recent studies which have begun to examine the cellular

mechanisms responsible for the activation of human skeletal muscle protein synthesis. The 

focus of the current review is to examine the cellular signalling mechanisms responsible for 

how nutrients (primarily leucine and leucine-enriched essential amino acid solutions) 

stimulate muscle protein synthesis in humans. In addition, we will also discuss recent 

resistance exercise studies and the role of providing nutrients following exercise to further 

promote muscle anabolism. The current review will primarily discuss the latest work in 

human skeletal muscle in vivo, however, it must be acknowledged that important work has 

been done examining the role of amino acids, signalling, and exercise in the regulation of 

muscle protein synthesis in non-human models [5-7].

Essential Amino acids and the Regulation of Human Muscle Protein Synthesis

It is well known that feeding stimulates protein synthesis [8;9]. However, the stimulation of 

muscle protein synthesis is primarily due to essential amino acids since protein synthesis is 

readily stimulated when only essential amino acids are ingested [10;11]. Furthermore, the 

rate of muscle protein synthesis is stimulated to a similar extent when the non-essential 

amino acids are removed from a mixed amino acid mixture [11]. In addition, infusion of 

leucine [12;13] and other essential amino acids such as phenylalanine and threonine, but not 

non-essential amino acids, into human subjects stimulates muscle protein synthesis [14]. 

Therefore, the current consensus is that essential amino acids (leucine in particular) are 

responsible for the amino acid stimulation of human muscle protein synthesis.

Signalling Pathways and the Control of Translation Initiation and Elongation

Several intracellular signalling pathways that sense amino acids, transmit the signal to the 

cell interior, and activate the initiation of translation of proteins from mRNA have been 

identified in animal studies [15;16]. The anabolic actions of leucine and insulin appear to 

activate independent intracellular signalling pathways which converge at the mammalian 

target of rapamycin (mTOR) and eventually affect translation initiation and elongation. 

Specifically insulin activates phosphatidylinositol 3-kinase (PI3K) and protein kinase B 

(PKB/Akt). Akt phosphorylates and inhibits tuberous sclerosis complex (TSC2) which 
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relieves inhibition on Rheb (Ras homologue enriched in brain) and allows activation of 

mTOR. mTOR can then phosphorylate downstream effectors such as eukaryotic initiation 

factor 2, 4E binding protein 1 (4E-BP1), and ribosomal S6 kinase 1 (S6K1) to promote 

translation initiation and elongation [17].

The mechanisms of the anabolic actions of amino acids and/or leucine are elusive but are 

independent of Akt activation [18]. For instance, Anthony et al used a specific mTOR 

inhibitor (rapamycin) in rats and demonstrated that leucine was not able to stimulate muscle 

protein synthesis, binding of eIF4E with eIF4G, or phosphorylation of S6K1 [13] thus 

making a case that leucine stimulates muscle protein synthesis via the mTOR pathway. 

Recently it has been demonstrated that a class 3 PI3K, hVps34, could mediate the amino 

acid activation of mTOR and its downstream substrates [19;20]. In addition, a recent study 

in Drosophila has identified a unique MAP kinase (MAP4K3) which appears to sense amino 

acids and signal directly to mTOR independent of the insulin signalling pathway [21*]. 

These results indicate that mTOR acts as a nutrient sensor for leucine and essential amino 

acids. However, the cellular mechanisms for how hVps34 or MAP4K3 sense the amino acids 

and signal to mTOR are unknown. It is also not known if these proteins perform a similar 

function in human skeletal muscle.

Leucine and Essential Amino Acid Signalling in Skeletal Muscle

Several studies in rats and cells have shown the anabolic potency of amino acids and 

particularly leucine on mTOR signalling and skeletal muscle protein synthesis 

[13;15;22-24]. For example, it has been demonstrated in L6 myoblasts that leucine increased 

the phosphorylation of 4E-BP1, S6K1 and its downstream target S6, eukaryotic elongation 

factor 1A and protein synthesis. These findings were abolished with the administration of 

rapamycin [22]. In another study, Bolster et al. identified in rat skeletal muscle that the 

binding of eIF4E to eIF4G was enhanced and the phosphorylation of eIF4G increased after a 

supraphysiological dose of leucine [23].

However, in the last few years, these amino acid studies have been extended into human 

skeletal muscle [11;25-27] . For instance, infusion of leucine or an essential amino acid 

mixture in humans increases the phosphosphorylation of S6K1 and 4E-BP1 while increasing 

protein synthesis [28;29]. We have recently shown that an oral ingestion of amino acids is 

just as effective at increasing human muscle protein synthesis as when amino acids are 

provided intravenously [30]. Hence, when 10 grams of essential amino acids are ingested 

muscle protein synthesis and components of the mTOR signalling pathway are activated 

when measured 3 hours following ingestion [31].

Ingestion of an amino acid mixture with extra leucine has also gained attention due to the 

potency of leucine. Crozier et al. demonstrated that following incremental amounts of 

leucine administration in rats, a dose of 0.14 g leucine/kg body weight produced a near 

maximal increase in protein synthesis [24]. Increasing the amount of leucine did not further 

stimulate muscle protein synthesis although components of mTOR signalling tended to be 

dose-dependent [24]. In our laboratory we have conducted several human studies in which 

we provide an essential amino acid mixture enriched in leucine. The dose of leucine is 

somewhat equivalent to that of Crozier et al. and is approximately 0.12 g leucine/kg of lean 
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body mass. In a recent investigation from our laboratory, 14 young subjects were studied 

before and 1 hour after an oral ingestion of a leucine-enriched essential amino acid and 

carbohydrate (EAA+CHO; ~20 grams of EAA + 30 grams of CHO) solution. We found that 

the phosphorylation status of Akt, mTOR, 4E-BP1 and S6K1 were increased while the 

phosphorylation status of eukaryotic elongation factor 2 (eEF2) was decreased [32**]. Of 

particular note was the rapid and very large increases detected in mTOR and S6K1 

phosphorylation following the EAA+CHO ingestion. Muscle protein synthesis increased by 

~100% concurrently with the increase in mTOR signaling [32]. Another interesting finding 

was the decreased phosphorylation of AMP-activated protein kinase (AMPK) and 

presumably its activity. AMPK is a well-known energy sensor and when activated it has 

been identified as an upstream negative regulator of mTOR [33]. We concluded that an oral 

ingestion of leucine enriched EAA+CHO is sensed in human skeletal muscle by both AMPK 

and mTOR which promotes signalling involved in the regulation of translation initiation as 

well as elongation.

Protein and Essential Amino Acids following Resistance Exercise

When essential amino acids are ingested following exercise [34] the rate of muscle protein 

synthesis increases more than when amino acids are ingested at rest or when resistance 

exercise is performed in the fasting state [11]. Several studies in humans have indicated the 

powerful effects of protein or essential amino acid ingestion on protein synthesis during 

post-exercise recovery [10;34-38]. However, only recently have studies investigated the 

mechanisms behind the increase in muscle protein synthesis [39-41]. Karlsson and 

colleagues demonstrated that the post-exercise S6K1 and S6 phosphorylation were greater 

following essential amino acid ingestion as compared to the effects of resistance exercise 

alone [39]. This finding is supported by Cuthbertson et al. in which they demonstrated a 

robust increase in S6K1 phosphorylation and muscle protein synthesis when large amounts 

of EAA+CHO were provided during recovery following a less intense type of exercise 

protocol [40*]. We have recently extended these findings by providing a leucine-enriched 

EAA+CHO mixture to young subjects 1 hour following a bout of heavy resistance exercise. 

At 2 hours post-exercise, muscle was sampled and analyzed for changes in muscle protein 

synthesis and several components of the mTOR signalling pathway. We found that both 

mTOR signalling and muscle protein synthesis were enhanced when the leucine-enriched 

EAA+CHO was ingested following resistance exercise [42*]. Specifically, the rate of muscle 

protein synthesis increased by 145% when the leucine-enriched EAA+CHO nutrient 

solution was ingested following resistance exercise as compared to only a 40% increase 

when nutrients were not ingested following exercise [43*]. In Figure 1, we show that the 

combination of resistance exercise followed by an oral ingestion of leucine-enriched EAA

+CHO stimulated muscle protein synthesis to a greater extent (145% vs. 100%) than 

ingesting the same nutrients without the exercise stimulus [32]. A recent report by Koopman 

et al. has also shown that providing protein hydryolysate following a bout of resistance 

exercise enhances S6K1 phosphorylation in human muscle as compared to exercise alone 

which provides more support for the notion that essential amino acid provision post-exercise 

further increases human skeletal muscle protein synthesis by augmenting mTOR signalling 

[41*].
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Potential Use of Leucine-enriched Essential Amino Acids to Restore Muscle in Ageing

The thought of using a leucine-enriched essential amino acid mixture to attenuate muscle 

loss or augment muscle growth in old human muscle is intriguing. Several studies have 

shown that ageing is associated with muscle protein synthesis being resistant to the anabolic 

action of insulin [25;44] and also in response to small doses of oral essential amino acids 

[31]. Interestingly, a new study has shown that when the meals of elderly subjects are 

supplemented with leucine the ability of feeding to stimulate muscle protein synthesis 

appears to be restored [45*]. This has also been shown to be true for old rats [46;47].

Therefore, it appears that ageing is associated with a reduced sensitivity of muscle protein 

synthesis to insulin and/or essential amino acids [31;48]. However, if the proportion of 

leucine is increased in an oral essential amino acid solution the blunted muscle protein 

synthesis can be restored [27*]. In addition, increasing the total amount of essential amino 

acids to a minimum of 15-20 grams in an oral nutrient solution results in a similar increase 

in muscle protein synthesis between young and old human subjects [26;49;50].

However, one recent study has reported that co-ingestion of leucine with protein did not 

enhance post-exercise muscle protein synthesis in old men [51]. Future studies are needed to 

determine whether chronic ingestion of leucine-enriched purified amino acid nutrient 

solutions will augment muscle protein synthesis via enhanced mTOR signalling in old 

human skeletal muscle at rest or in combination with resistance exercise training.

Conclusion

In summary, an oral ingestion of leucine-enriched essential amino acids and carbohydrates 

rapidly and potently stimulates protein synthesis in human skeletal muscle. The effect 

appears to be mediated by enhanced activation of the mTOR signalling pathway. The 

combination of leucine-enriched nutrients and resistance exercise enhances both mTOR 

signalling and muscle protein synthesis. The cellular mechanism(s) responsible for the 

amino acid induced activation of mTOR is currently unknown but may involve two kinases 

known as hVps34 and/or MAP4K3. Long-term studies are needed to determine the 

effectiveness of leucine-enriched essential amino acid supplementation to augment muscle 

protein synthesis and restore or improve muscle mass in sarcopenia and other conditions 

associated with muscle wasting.
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Figure 1. 
Independent and combined effects of resistance exercise and leucine-enriched essential 

amino acid and carbohydrate (EAA+CHO) ingestion on muscle protein synthesis. Data are 

taken from three separate publications [32;42;43]. Baseline is the rate of muscle protein 

synthesis following an overnight fast in 13 young male subjects. Exercise data is the rate of 

muscle protein synthesis 2 hours following a bout of heavy leg resistance exercise (10 sets × 

10 repetitions at 70% of 1-repetition maximum) in 7 young males. EAA+CHO is the rate of 

muscle protein synthesis 1 hour following the ingestion of a leucine-enriched EAA+CHO 

solution in 6 young males. The Exercise + EAA+CHO data is the rate of muscle protein 

synthesis 2 hours post-exercise when EAA+CHO was ingested at 1 hour following 

resistance exercise in 6 male subjects. Data are expressed as mean ± SE. *P<0.05 vs. Basal; 

#P<0.05 vs. 2 hr Post (Exercise).
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