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Abstract Dietary protein ingestion following exercise

increases muscle protein synthesis rates, stimulates net

muscle protein accretion, and facilitates the skeletal muscle

adaptive response to prolonged exercise training. Further-

more, recent studies show that protein ingestion before and

during exercise also increases muscle protein synthesis

rates during resistance- and endurance-type exercise.

Therefore, protein ingestion before and during prolonged

exercise may represent an effective dietary strategy to

enhance the skeletal muscle adaptive response to each

exercise session by extending the window of opportunity

during which the muscle protein synthetic response is

facilitated. Protein ingestion during exercise has also been

suggested to improve performance capacity acutely.

However, recent studies investigating the impact of protein

ingestion during exercise on time trial performance, as

opposed to time to exhaustion, do not report ergogenic

benefits of protein ingestion. Therefore, it is concluded that

protein ingestion with carbohydrate during exercise does

not further improve exercise performance when compared

with the ingestion of ample amounts of carbohydrate only.

1 Introduction

Skeletal muscle tissue has an enormous capacity to adapt

structurally to changes in muscle use or disuse. This allows

humans to adapt to more prolonged exercise training,

thereby increasing performance capacity. This plasticity of

skeletal muscle becomes most evident when the large dif-

ferences in the structural adaptation to prolonged resistance

are compared with endurance-type exercise training, with

each having its distinct phenotypic outcome. Simply

compare the physique of a professional bodybuilder with

that of a triathlete. This muscle plasticity is facilitated by

the fact that skeletal muscle tissue has a turnover rate of

1–2 % per day, with muscle protein synthesis rates ranging

between 0.04 and 0.14 % per hour. The rate of skeletal

muscle protein synthesis is regulated by two main anabolic

stimuli: food intake and physical activity.

Food intake, or rather protein ingestion, directly elevates

muscle protein synthesis rates [1–3]. The dietary protein-

derived amino acids act as key signaling proteins activating

anabolic pathways in skeletal muscle tissue, and provide

precursors for de novo muscle protein synthesis. Ingestion

of a meal-like amount of dietary protein (15–20 g) elevates

muscle protein synthesis rates for 2–5 h following meal

ingestion [2], resulting in net muscle protein accretion [2].

The other main anabolic stimulus is physical activity.

Physical activity (or exercise) directly stimulates skeletal

muscle protein synthesis [4–6], an effect that has been

shown to persist for up to 48 h after the cessation of

exercise [6]. Of course, different types of exercise will

stimulate the synthesis of different sets of proteins.

Whereas resistance-type exercise strongly stimulates the

synthesis of myofibrillar proteins, endurance-type exercise

will have a greater impact on stimulating the synthesis of

mitochondrial proteins [2], thereby allowing exercise-spe-

cific skeletal muscle adaptation.

Athletes, coaches, and scientists are well aware of the

impact of both exercise and nutrition in facilitating the

skeletal muscle adaptive response to exercise training.

Consequently, much work is being done to define dietary
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strategies that facilitate the adaptive response to prolonged

exercise training and improve exercise training efficiency.

This paper discusses the potential benefits of dietary pro-

tein ingestion during exercise as a means to support the

adaptive response to exercise training. Furthermore, there

are also suggestions that amino acid or protein ingestion

during exercise can directly augment exercise performance.

Therefore, this paper also discusses the proposed direct

ergogenic properties of amino acid or protein ingestion

during exercise.

2 Exercise and Nutrition

A single bout of exercise increases skeletal muscle protein

synthesis and, to a lesser extent, muscle protein breakdown

rates, thereby improving muscle protein balance [6].

Although exercise improves muscle protein balance, net

protein balance will remain negative in the absence of food

intake. In other words, nutrition is required to allow proper

muscle reconditioning and is a prerequisite for muscle

hypertrophy to occur. As such, it is not surprising that a

strong synergy exists between exercise and nutrition.

When protein is ingested following a single bout of

exercise, muscle protein synthesis rates are increased to a

much higher level and for a more prolonged period of time

than in a normal postprandial muscle protein synthetic

response [2]. Moreover, recent work from the author’s

laboratory has shown that when exercise is performed

before the ingestion of a meal-like amount of dietary pro-

tein, more of the ingested protein is used for de novo

muscle protein accretion [3]. Consequently, the metabolic

fate of ingested protein may largely depend on the amount

of physical activity that is performed before food con-

sumption. The stimulating properties of exercise on the

postprandial muscle protein synthetic response are long

lived and persist over an extended period of time, lasting as

much as 24 h after performing a single bout of exercise [7].

The latter is in line with previous work showing that pro-

tein supplementation represents an effective dietary strat-

egy to augment further the skeletal muscle adaptive

response to more prolonged resistance-type exercise

training, resulting in greater gains in skeletal muscle mass

and strength [8–19]. However, many other studies have

also failed to detect a surplus benefit of dietary protein

supplementation on the skeletal muscle adaptive response

to more prolonged resistance-type exercise training [20–

38].

A meta-analysis was recently performed in an attempt to

explain these apparently discrepant findings on the pro-

posed efficacy of dietary protein supplementation as a

means to increase the gains in skeletal muscle mass and

strength during prolonged resistance-type exercise training

[39]. The outcome of this meta-analysis confirmed the

surplus benefits of dietary protein supplementation, but

also revealed a large variance in the observed impact of

nutritional co-intervention on the skeletal muscle adaptive

response to a prolonged resistance-type exercise training

program. Obviously, there are still considerable challenges

ahead to define the most effective nutritional intervention

strategies that can further optimize exercise-induced skel-

etal muscle reconditioning.

Many research groups are presently studying the various

individual factors that may augment the acute post-exercise

muscle protein synthetic response. Various studies have

previously assessed the impact of the amount [40] and type

[41–43] of dietary protein that is ingested following an

exercise bout on subsequent post-exercise muscle protein

synthesis rates. Others have assessed the impact of co-

ingesting specific free amino acids [44], other macronu-

trients [45, 46], and/or specific nutritional compounds [47]

that may further enhance post-exercise muscle protein

synthesis. It is beyond the scope of this paper to discuss all

dietary factors that may augment post-exercise muscle

protein synthesis. Therefore, it focuses on a single

parameter that is likely to be of key importance in driving

the muscle protein synthetic response to exercise: the

timing of protein provision.

3 Timing of Protein Ingestion

Besides the amount and type of protein ingested during

post-exercise recovery, the timing of protein ingestion

has been identified as another key factor modulating

post-exercise muscle protein anabolism. Levenhagen

et al. [48] were one of the first groups to report a more

positive net protein balance after consuming a protein

(containing) supplement immediately after exercise when

compared with the provision of the same supplement 3 h

into post-exercise recovery. As a consequence, it is now

generally advised to ingest 20–25 g of a high-quality

dietary protein (dairy or meat) immediately after the

cessation of exercise as a means to optimize post-exer-

cise reconditioning [40].

More recent work suggests that protein may even be

consumed before and/or during exercise to stimulate post-

exercise muscle protein accretion further [49–52]. Tipton

et al. [52] reported that the ingestion of a mixture of 6 g of

essential amino acids and 35 g of sucrose before exercise

was more effective for the stimulation of post-exercise

muscle protein synthesis than ingesting the same mixture

immediately after exercise. The authors hypothesized that

the greater stimulation of muscle protein synthesis may be

attributed to the combination of increased amino acid

levels at a time when blood flow is increased during
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exercise, thereby offering a greater stimulation of muscle

protein synthesis by increasing amino acid delivery to the

muscle. In a subsequent study, the same research group

failed to confirm these findings when examining the impact

of 20 g of whey protein ingested before as opposed to 1 h

after resistance-type exercise on muscle protein balance

measured over a 4- to 5-h recovery period [53]. It seems

likely that the longer recovery period in the second study at

least partly compensated for any early benefits of protein

provision before exercise as protein synthesis rates tend to

reach peak values within 2–3 h after exercise. Protein

ingestion before or during exercise allows post-exercise

muscle protein synthesis rates to be elevated more rapidly

due to the greater amino acid availability to the muscle

during the early stages of post-exercise recovery.

The ingestion of protein before or during exercise

could be of even more benefit during the early stages of

recovery from more intense exercise bouts. Exhaustive

exercise is generally accompanied by a redistribution of

blood flow to skeletal muscle tissue, resulting in hypo-

perfusion of the gut [54]. The exercise-induced hypoper-

fusion of the gut induces intestinal damage and impairs

dietary protein digestion and absorption kinetics during

early post-exercise recovery [55]. Dietary protein inges-

tion before and/or during exercise may provide a more

effective feeding strategy to improve amino acid avail-

ability during early post-exercise recovery. The author’s

laboratory performed a series of studies to assess the

impact of protein provision before and during exercise on

muscle protein synthesis rates measured during exercise

conditions [49–51]. In a first study, recreational athletes

ingested carbohydrate-containing drinks (0.15 g/kg body

mass/h) with or without additional protein (0.15 g/kg

body mass/h) before and during 2 h of resistance-type

exercise. Using contemporary stable isotope methodology,

it was shown that protein co-ingestion before and during

resistance-type exercise substantially increased muscle

protein synthesis rates during exercise conditions (Fig. 1)

[49]. The observation that muscle protein synthesis rates

can be elevated during exercise could be of particular

relevance as it may extend the window of opportunity

during which the muscle protein synthetic response to

exercise can be facilitated.

It could be speculated that the observed impact of pro-

tein ingestion with carbohydrate on mixed-muscle protein

synthesis during exercise is merely restricted to intermit-

tent, resistance-type exercise activities [49, 56]. Adenosine

monophosphate-activated protein kinase may not be con-

tinually activated throughout intermittent, resistance-type

exercise when exercise is performed in the fed state. The

latter may prevent its proposed inhibitory effect on muscle

protein synthesis, allowing muscle protein accretion during

rest periods in between sets of exercise.

It has been debated whether dietary protein adminis-

tration before and/or during exercise may stimulate muscle

protein synthesis during continuous endurance-type exer-

cise activities. Previous work has clearly shown that pro-

tein co-ingestion with carbohydrate during more prolonged

endurance-type exercise improves whole-body protein

balance [51]. Moreover, whereas whole-body protein bal-

ance remained negative when only carbohydrates were

ingested, dietary protein co-ingestion was shown to

improve whole-body protein balance by increasing protein

synthesis as well as decreasing protein breakdown, result-

ing in a positive protein balance during 5 h of prolonged

endurance-type exercise. As measurements on a whole-

body level do not necessarily reflect skeletal muscle tissue,

a follow-up study was performed to assess muscle protein

synthesis rates during endurance-type exercise while

ingesting carbohydrate or carbohydrate plus protein.

Interestingly, that study showed that muscle protein syn-

thesis rates were higher during exercise than were pre-

exercise post-absorptive protein synthesis rates [50]. When

evaluating myocellular signaling, it became apparent that

activation/phosphorylation of both adenosine monophos-

phate-activated protein kinase as well as mammalian target

of rapamycin can occur in parallel in vivo in mixed muscle

tissue. However, no significant differences were observed

in muscle protein synthesis rates between the carbohydrate

and carbohydrate plus protein trial, despite clear differ-

ences in whole-body protein balance.

Future studies are warranted to assess muscle protein

synthesis rates during more prolonged exercise (3–5 h), as

longer exercise trials will allow differences in fractional

protein synthesis rates to become more apparent. Clearly,

more work is also needed to address the relevance of the

potential to stimulate muscle protein synthesis during

Fig. 1 Dietary protein ingestion before and during resistance-type

exercise stimulates muscle protein synthesis during exercise. Frac-

tional synthesis rate of mixed muscle protein during exercise

following carbohydrate (CHO) or carbohydrate plus protein

(CHO ? PRO) ingestion. Values represent means ± standard error

of the mean. * Significantly different from carbohydrate. Reproduced

with modification from Beelen et al. [49]
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resistance- and endurance-type exercise activities, thereby

creating a longer time frame for muscle protein synthesis

rates to be increased. This may be of particular relevance

for the (ultra)endurance athletes who spend many hours

exercising.

4 Window of Opportunity

So what is the preferred timing of dietary protein supple-

mentation when trying to optimize the skeletal muscle

adaptive response to successive exercise sessions?

Although this seems a simple question, the answer is rather

complicated. Exercise increases muscle protein synthesis

rates for several hours after a single bout of exercise.

Protein ingestion further augments the post-exercise mus-

cle protein synthetic response. As such, it is not surprising

that protein supplementation during prolonged resistance-

type exercise training generally leads to greater gains in

skeletal muscle mass and/or strength.

It is generally advised to provide 20–25 g of a high-

quality protein immediately after an exercise session to

maximize the muscle protein synthetic response during

acute post-exercise recovery [57]. However, the window of

opportunity to allow muscle protein synthesis rates to be

elevated is not limited to these few hours of acute post-

exercise recovery. Muscle protein synthesis is already

stimulated during exercise when protein is provided before

and/or during exercise. The latter may extend the window

of opportunity and accelerate skeletal muscle recondition-

ing. So it might be particularly wise to ingest some dietary

protein before and during more prolonged (ultra)endur-

ance-type exercise bouts ([3–5 h). The latter may prevent

excess muscle protein breakdown and allow muscle protein

synthesis to be elevated throughout the exercise sessions.

Such a dietary strategy may facilitate muscle recondition-

ing and improve training efficiency. Nonetheless, this still

provides a very simplistic idea of the role of nutrition and

exercise training in skeletal muscle reconditioning. The

skeletal muscle adaptive response to exercise is not limited

to the exercise session itself and the subsequent hours of

acute post-exercise recovery. It has been reported that basal

muscle protein synthesis rates as well as the muscle protein

synthetic response to food intake are increased up to 24 h

after a resistance-type exercise session [7]. Such findings

are interesting and imply that the window of opportunity to

modulate the skeletal muscle adaptive response to exercise

is much larger and may also depend on the overall type of

training [58].

The window of opportunity probably also extends to

overnight recovery during sleep. Because of obvious

methodological issues, this has hardly been studied. The

impact of exercise performed in the evening on muscle

protein synthesis during subsequent overnight recovery

was recently evaluated [59]. Although an increase in

muscle protein synthesis was observed during the first few

hours of acute post-exercise recovery, muscle protein

synthesis rates remained unexpectedly low during over-

night sleep. Whereas dietary protein ingestion after the

cessation of exercise stimulates muscle protein synthesis

during the acute stages of post-exercise recovery, these

elevated synthesis rates do not seem to be maintained

during subsequent overnight sleep.

Using various models, it has now been established that

protein administration before sleep (by means of ingestion

[60]) or during sleep (by means of nasogastric tube feeding

[61]) is followed by normal dietary protein digestion and

absorption, increasing plasma amino acid availability, and

stimulating net muscle protein accretion throughout over-

night sleep. Consequently, the night provides another

interesting extension of the window of opportunity during

which the adaptive process can be facilitated. It will be

challenging to define whether there is an actual limited

‘window of opportunity’ for nutritional interventions to

improve skeletal muscle reconditioning further. Clearly, it

is too early to provide a definite answer on the impact of

the distribution of dietary protein provided throughout the

day (and night) to maximize the exercise training response.

5 Protein as an Ergogenic Aid

Dietary protein ingestion during and/or immediately after

each exercise bout facilitates muscle reconditioning and

may help to improve training efficiency. However, over the

past few years there have also been suggestions that protein

ingestion during exercise may directly improve perfor-

mance during competition. Ivy et al. [62] published the first

paper in which they reported increased performance

capacity in trained cyclists following the ingestion of car-

bohydrate plus protein during prolonged cycling. Nine

cyclists were recruited and performed cycling exercise

until exhaustion while ingesting drinks containing carbo-

hydrate, carbohydrate plus protein, or flavored water. The

authors reported that the ingestion of a carbohydrate

solution with added protein enhanced endurance perfor-

mance when compared with the ingestion of the carbohy-

drate solution only. However, the reason for this

improvement in performance remained unclear. Since then,

additional studies have been published [63, 64] reporting a

significantly greater time to exhaustion following the

ingestion of carbohydrate plus protein during more pro-

longed endurance-type exercise tasks (Fig. 2). More recent

studies have been unable to confirm these findings [65–69].

Clearly, some studies have reported substantial

(10–30 %) improvements in time to exhaustion, implying

S108 L. J. C. van Loon

123



that protein co-ingestion during exercise represents an

effective dietary strategy to improve performance capacity

[62–64]. Besides the fact that there are no apparent mech-

anistic explanations for the observed impact of protein co-

ingestion on time to exhaustion, it is unlikely that such large

increases in time to exhaustion will translate to similar

improvements in exercise performance in a more practical

sports setting that simulates normal athletic competition.

When evaluating the impact of sports drinks on exercise

performance it is generally preferred to assess time trial

performance. Time trials have shown a greater validity than

time to exhaustion trials because they provide a good phys-

iological simulation of actual performance [70]. Conse-

quently, several studies have investigated the proposed acute

ergogenic benefits of carbohydrate plus protein ingestion on

time trial performance (Fig. 2). However, none of these

studies has detected any acute performance-enhancing

effects of amino acid or protein ingestion during exercise

[71–75]. In short, dietary protein ingestion with carbohy-

drate during exercise does not improve exercise performance

above carbohydrate ingestion alone when ample carbohy-

drates are ingested. Therefore, there is no support to suggest

that protein should be ingested with carbohydrate during

competition to maximize exercise performance.

6 Conclusion

Dietary protein ingestion after exercise increases post-

exercise muscle protein synthesis rates, stimulates net

muscle protein accretion, and facilitates the skeletal muscle

adaptive response to prolonged exercise training. Recent

studies have shown that protein ingestion before and during

exercise stimulates muscle protein synthesis during exer-

cise. Therefore, protein ingestion before and/or during

prolonged exercise training sessions may inhibit muscle

protein breakdown, stimulate muscle protein synthesis, and

further augment the skeletal muscle adaptive response to

exercise training. The ingestion of dietary protein with

carbohydrate during exercise does not further enhance

performance capacity when compared with the ingestion of

ample amounts of carbohydrate only, but may be applied to

improve exercise reconditioning.
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