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KEY POINTS
• Strength and muscle mass gains with training can be improved by optimizing nutrition.
• Both strength training and eating a meal rich in amino acids result in an increase in protein synthesis.
• The increase in protein synthesis in both cases is dependent on a protein kinase called the mammalian target of rapamycin (mTOR). 
• Strength training and amino acid ingestion (eating) activate mTOR in different ways. As a result, when both are done together, the effects add 

up and result in a larger effect than either strength training or eating alone.
• Proteins that result in a rapid and prolonged (~1 hour) increase in the amino acid leucine in the blood maximize the activation of mTOR and the 

increase in muscle protein synthesis and strength.
• A simple nutritional strategy is presented that can be used to maximize the adaptive response to strength training. 

INTRODUCTION
For thousands of years, we have understood the basic principle 
needed to overload muscle in order to increase strength. The earliest 
example of this principle was Milo of Croton. Milo was a farmer and 
Olympic wrestler. At the start of each Olympic training cycle he would 
select a calf from his herd and perform his morning exercises with 
the calf draped across his shoulders. As the calf grew so did Milo’s 
strength. When the Olympics arrived, he is said to have carried the 
then fully-grown bull on his shoulders into the stadium, thrown it to 
the ground and ate it. This fable is an illustration that what we know 
today has changed very little in 2,500 years: In order to increase 
strength we need to perform resistance exercise and then consume 
high-quality protein. 

Over the last 2,000 years, a great deal of progress has been made 
in understanding how strength training and nutrition work together to 
increase muscle mass and strength. This Sports Science Exchange 
article will review that information and illustrate how to use it to 
improve the adaptation to training.

MOLECULAR RESPONSE TO TRAINING
In every scientific model of muscle hypertrophy, from mice to rats, 
rabbits, chickens and, finally, to humans, the first response to a 
strength training session is an increase in protein synthesis. If the 
increase in protein synthesis is more than the increase in muscle 
breakdown, the muscle will get larger and stronger over time.

Over the past decade molecular exercise physiologists have shown 
that the single most important regulator of this training-induced 
increase in muscle protein synthesis is the mammalian target of 
rapamycin, or mTOR. If humans are given the immunosuppressant 
rapamycin (blocks mTOR) before they perform their strength training, 
there is no increase in protein synthesis (Drummond et al., 2009). This 

demonstrates that mTOR is required for the increase in muscle protein 
synthesis after resistance exercise. In support of the importance of 
mTOR, the phosphorylation of the protein S6K (a marker of mTOR 
activity) 30 min after strength training is the best predictor of the 
increase in muscle mass and strength that an athlete will achieve 
(Figure 1, Terzis et al., 2008). Even though there is more to muscle 
growth than activating mTOR, coaches and athletes should be trying 
to increase mTOR activity as much as possible. 

If activating mTOR is a key to increasing strength, then understanding 
how to maximally activate this enzyme is important to optimize our 
training. To do this, understanding what turns mTOR on and off is 
paramount, and from a number of excellent scientific studies, this is 
now becoming clearer.
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Figure 1. The relationship between the activity of mTOR and strength gains. 
The activity of mTOR (measured by determining Thr389 phosphorylation of 
S6K) 30 min after strength training is directly related to the increase in squat 
strength after 14 weeks of training. This suggests that mTOR activity plays a 
role in muscle growth. Adapted from (Terzis et al., 2008).
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At first, it was believed that the only way to increase mTOR activity was 
through growth factors like insulin growth factor 1 (IGF-1). Two results 
supported this: 1) insulin and IGF-1 both increased mTOR activity and 
this resulted in an increase in protein synthesis (Coleman et al., 1995), 
and 2) following resistance exercise there was an increase in the 
production of IGF-1 in the muscle (McKoy et al., 1999). From this data, 
it was believed that resistance exercise increased the production of 
IGF-1 and this led to the increase in protein synthesis. We now know 
that this was incorrect and that mTOR is activated directly by the 
mechanical load on the muscle and the IGF-1 plays a very small role 
in load-induced increase in muscle mass (Philp et al., 2011).

But the load on a muscle is not the only thing that leads to the 
activation of mTOR. While it is true that the heavier weight a person 
lifts, the greater the activation of mTOR (Baar & Esser, 1999; Terzis et 
al., 2010), it is now becoming clear that there is something more. When 
a lighter weight is lifted and the blood flow to the muscle is restricted 
(Fujita et al., 2007) or any weight is lifted to failure (Mitchell et al., 
2012), mTOR activity and protein synthesis are turned on. Therefore, 
it is now believed that the activity of mTOR is maximally increased by 
strength exercises performed to failure. There are two types of failure 
in strength training. Positive failure, when an athlete can no longer 
lift a weight, and negative failure, when an athlete’s coach lifts the 
weight for them to lower and they can no longer slow the weight as it 
comes down.

NUTRITION TO MAXIMIZE TRAINING
But increasing mTOR activity by lifting heavy weights is not enough. 
If an athlete trains in a fasted state, the increase in mTOR activity 
and protein synthesis is not optimal. In fact, in the fasted state, 
protein balance (protein synthesis minus protein degradation) 
remains negative after training (Figure 2). In order to maximally 
activate mTOR and protein synthesis and shift the muscle into a 
positive protein balance we need not only mechanical activation but 
the ingestion of amino acids as well. 

The amino acids serve two purposes in muscle. The first is to supply 
the building blocks necessary to synthesize new proteins and the 
second is to provide a signaling trigger that activates mTOR.

Even though all of the amino acids are needed to synthesize new 
proteins, only one is needed to turn on mTOR. This unique amino 
acid is the branched chain amino acid leucine. The reason that 
leucine is so important is that muscle cells contain a sensor to 
detect the levels of leucine. This amino acid sensor activates mTOR 
through a collection of transport proteins called the Rag proteins, 
which bring mTOR together with its activator Rheb. Therefore, when 
leucine enters muscle cells it turns on the Rag proteins and moves 
mTOR to Rheb, and this in turn activates mTOR, increases protein 
synthesis and makes larger, stronger muscles.

If leucine plays an important role in activating mTOR, then nutritionally 
it becomes important to understand how different protein sources 
affect the amount of leucine delivered to muscle. Work from Stuart 
Phillips’ laboratory (Tang et al., 2009) has shown that more leucine 
is released into the blood and that the leucine concentration stays 
higher for a longer time period when an athlete consumes whey 
compared to either soy or casein (Figure 3).

As would be expected from what has been discussed so far, the 
higher leucine levels resulted in a significantly greater increase in 
muscle protein synthesis both at rest and after resistance exercise 
(Figure 4). Most importantly, the researchers followed these 
individuals throughout training and have now shown that the athletes 
that drank a whey supplement right after they trained also had the 
greatest increase in muscle mass (Tang et al., 2009).

Figure 2. Essential amino acids are required for a positive protein balance. 
The effect of consuming a placebo or a drink containing all of the amino acids, 
or only the essential amino acids (aa) and arginine on protein synthesis, 
protein breakdown and net protein balance following resistance exercise in 
the fasted state. The y-axis is a measure of the rate of either protein synthesis 
or breakdown, and the resulting balance. Adapted from (Tipton et al., 1999).
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Figure 3. Leucine concentration in the blood after drinking an isonitrogenous 
amount of whey, soy or casein. Drinking a whey protein solution results in a 
faster, greater and more prolonged increase in the leucine concentration in the 
blood. Adapted from (Tang et al., 2009).
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Leucine cannot get into muscle without a transporter. The primary 
leucine transporter in skeletal muscle is the L-type amino acid 
transporter LAT1 (also known as SLC7A5). In order to increase 
mTOR activity and protein synthesis LAT1 needs to increase in the 
plasma membrane. The current evidence suggests that immediately 
following strength training, LAT1 increases in the membrane for a 
short period of time (~90 min). However, LAT1 mRNA stays high 
for at least 24 h (Churchward-Venne et al., 2012; and Baar et al., 
unpublished). These facts could explain two things, 1) why taking 
amino acids immediately following resistance exercise is the most 
effective way to increase muscle protein synthesis (more LAT1 on 
the membrane to take up leucine, Esmarck et al., 2001), and 2) why 
eating amino acid-rich foods has a greater effect on muscle protein 
synthesis for 24 h after a heavy weights session (more mRNA that 
can be used to increase LAT1 and leucine uptake, Burd et al., 2011).

SCIENCE-BASED RECOMMENDATIONS FOR TRAINING TO 
OPTIMIZE MTOR ACTIVATION AND STRENGTH GAINS
Taking all of this information together, a simple plan can be devised 
to increase mTOR activity, protein synthesis and muscle strength 
(Figure 5). 

1. To maximize strength gains, athletes should lift heavy weights 
to failure. This can be done using one set or more of each 
exercise. If using one set, the athlete needs to be lifting 100% 
of their 8RM until failure. Each additional set adds little to the 
final increase in strength since for each extra set the percent 
of 8RM decreases and failure is achieved only on the final set. 
This is why the strength gains achieved using one set are equal 
to that of multiple sets (Mitchell et al., 2012). 

2. Immediately following resistance exercise, consume a rapidly 
absorbable protein source rich in the amino acid leucine. 
Examples of these types of food are dairy products (specifically 
the whey component) and eggs. Getting leucine into the blood 
quickly takes advantage of the higher LAT1 content at the 
membrane following resistance exercise.

3. In the 24 h after resistance exercise, eat meals containing 20 g 
of leucine-rich amino acids first thing in the morning and then 
every 3-4 h throughout the day. Twenty grams of amino acids 
maximally activates protein synthesis in young people (Moore 
et al., 2009). 

4. Consume 30-40 g of leucine-rich protein right before bed. 
Eating right before bed improves protein synthesis while 
sleeping and maintains a positive protein balance overnight 
(Res et al., 2012).

The above program is likely to maximize strength gains. This article 
has focused on the role of mTOR in gaining strength, but this is 
not the only important factor. Muscle mass is also influenced by 
the growth inhibitor myostatin, the transcriptional regulator Notch 
and the number of satellite cells in the muscle. However, how 
these factors affect muscle size and strength and whether they are 
affected by nutrition is less certain. 
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Figure 4. The effect of consuming a drink containing casein, soy or whey 
protein on protein synthesis (FSR, fractional synthetic rate) at rest and 
following resistance exercise. Adapted from (Tang et al., 2009).

Figure 5. Schematic showing the activation of mTOR following resistance 
exercise. First, resistance exercise activates an unknown mechanoreceptor 
that phosphorylates and moves the mTOR inhibitor (tuberous sclerosis 
complex, TSC2) away from the mTOR activator (Rheb). Second, amino acids 
from the diet are taken up through transporters into the muscle. These amino 
acids activate the Rag family of small G-proteins. The Rag proteins physically 
grab mTOR, through its binding partner raptor, and move it to Rheb. Third, 
when mTOR is together with an active form of Rheb it is turned on and can 
activate protein synthesis. This is why when an athlete does resistance 
exercise followed by protein feeding there is more mTOR activity and 
protein synthesis.
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