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KEY POINTS
• Dietary protein ingestion immediately after exercise increases muscle protein synthesis rates during the acute stages of post-exercise recovery.
• Muscle protein synthesis rates are low during overnight sleep even when dietary protein is ingested after exercise.
• If dietary protein is made available to the intestine during sleep, protein is normally digested and absorbed thereby increasing plasma amino acid 

availability and increasing muscle protein synthesis rates.
• Dietary protein ingested prior to sleep is effectively digested and absorbed during the night, thereby increasing plasma amino acid availability 

and stimulating post-exercise muscle protein accretion during overnight sleep.
• Ingestion of dietary protein prior to sleep may represent an effective dietary strategy to facilitate the skeletal muscle adaptive response to 

exercise training and to further improve exercise training efficiency.
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INTRODUCTION
Dietary protein plays a key role in facilitating the skeletal muscle 
adaptive response to exercise training. A single bout of exercise 
stimulates muscle protein synthesis and, to a lesser extent, muscle 
protein breakdown. However, post-exercise protein balance will 
remain negative in the absence of food intake (Phillips et al., 1997). 
Dietary protein ingestion stimulates skeletal muscle protein synthesis, 
inhibits protein breakdown, and therefore, stimulates muscle protein 
accretion following both resistance (Koopman et al., 2005, 2007; 
Tipton et al., 1999, 2001) and endurance (Howarth et al., 2009; 
Levenhagen et al., 2001) exercise. This leads to a greater skeletal 
muscle adaptive response to each successive exercise bout and may 
result in more efficient skeletal muscle reconditioning. Consequently, 
dietary strategies are being designed to maximize the post-exercise 
muscle protein synthetic response. At present, several research 
groups are attempting to define the preferred amount and source 
of dietary protein that should be ingested and the preferred timing 
of dietary protein consumption to maximize post-exercise muscle 
protein synthesis rates and optimize muscle reconditioning. 

There is not much information on the preferred amount of dietary 
protein that should be ingested to maximize post-exercise muscle 
protein synthesis rates. A single dose-response study assessed the 
post-exercise muscle protein synthetic response to different dosages 
of egg protein, showing that muscle protein synthesis rates increase 
with the ingestion of greater amounts of protein and reach maximal 
stimulation after ingesting 20 g of protein (Moore et al., 2009). 
However, it should be noted that this dose response relationship 
likely differs between young and older populations (Pennings et al., 
2012; Yang et al., 2012). Various studies have reported improvements 
in post-exercise protein balance and/or greater muscle protein 
synthesis rates following the ingestion of different protein sources, 

including whey and casein protein (Tipton et al., 2004), soy protein 
(Wilkinson et al., 2007), casein protein hydrolysate (Koopman et al., 
2005, 2006), egg protein (Moore et al., 2009) and whole-milk and/
or fat-free milk (Elliot et al., 2006; Wilkinson et al., 2007). To date, 
few studies have directly compared the post-exercise muscle protein 
synthetic responses to the ingestion of different protein sources. Milk 
protein and its main isolated constituents, whey and casein, offer an 
anabolic (muscle building) advantage over soy protein (Tang et al., 
2009; Wilkinson et al., 2007). Furthermore, whey protein seems to 
induce a greater muscle protein synthetic response when compared 
with casein (Tang et al., 2009). The differences in the muscle protein 
synthetic response to the ingestion of various protein sources can be 
attributed to differences in protein digestion and absorption kinetics 
(Koopman et al., 2009; Tipton et al., 2004) as well as amino acid 
composition (Pennings et al., 2011; Tang et al., 2009), with leucine 
content being of particular interest. 

RESEARCH REVIEW
Timing of Protein Intake
Besides the amount and source of protein ingested during acute post-
exercise recovery, the timing of protein ingestion has been identified 
as a key factor modulating post-exercise muscle protein anabolism 
(Beelen et al., 2011a). A more direct provision of dietary protein 
following the cessation of exercise has been shown to result in a more 
positive protein balance, when compared to protein provided several 
hours after exercise (Levenhagen et al., 2001). Furthermore, recent 
studies suggest that carbohydrate (CHO) and protein co-ingestion 
prior to and/or during exercise may further augment post-exercise 
muscle protein accretion (Beelen et al., 2008a, 2011b; Tipton et al., 
2001). The latter was attributed to the more rapid supply of amino 
acids to the muscle during the acute stages of post-exercise recovery.
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However, protein ingestion prior to and/or during exercise can also 
stimulate muscle protein synthesis during exercise, thereby creating 
an extended time frame for muscle protein synthesis to be elevated 
(Beelen et al., 2008a, 2011b; Koopman et al., 2004).

The impact of protein ingestion prior to, during and/or immediately 
after exercise on subsequent muscle protein synthesis rates has 
been the subject of investigation. In general, most of these studies 
assess the effects of dietary protein intake on the muscle protein 
synthetic response to exercise performed in an overnight fasted 
state. Under these conditions, it seems reasonable to assume that 
the limited endogenous availability of amino acids from the gut and 
the intramuscular free amino acid pool may prevent a substantial 
rise in post-exercise muscle protein synthesis rate. As such, it is 
not surprising that studies consistently report that dietary protein 
provision increases post-exercise muscle protein synthesis rates. 
However, in normal everyday practice, sports activities are generally 
performed 1-3 h after consuming a snack or meal, with many 
recreational athletes performing exercise in the evening. 

Recently, we evaluated the effect of exercise performed in the evening 
and the efficacy of dietary protein ingestion during and immediately 
after exercise on muscle protein synthesis during subsequent 
overnight recovery (Beelen et al., 2008b). We observed an increase 
in protein synthesis during the acute stages of post-exercise recovery 
when ample protein was ingested. However, muscle protein synthesis 
rates during subsequent overnight sleep were unexpectedly low, with 
values even lower than generally observed in the morning following 
an overnight fast. Clearly, ingesting only 20-25 g of dietary protein 
during and/or immediately after the cessation of exercise does not 
suffice to maximize overnight muscle reconditioning.

Muscle Protein Synthesis During Overnight Sleep
Most recreational athletes perform exercise in the evening and 
ingest 20-25 g of a high-quality protein during or after exercise to 
maximize muscle protein accretion during the acute stages of post-
exercise recovery. As detailed above, this strategy does not allow 
a sustained increase in muscle protein synthesis rates during 
subsequent overnight recovery (Beelen et al., 2008b). We questioned 
if the reported low muscle protein synthesis rates during overnight 
sleep could be simply attributed to the limited plasma amino acid 
availability throughout the night. Consequently, we questioned 
whether protein provision during sleep would represent a feasible 
dietary strategy to increase overnight plasma amino acid availability. 
It has been reported that human intestinal motility follows a circadian 
rhythm with reduced nocturnal activity (Furukawa et al., 1994; 
Kumar et al., 1990), so we first assessed whether dietary protein 
provision during sleep leads to proper dietary protein digestion 
and absorption. To obtain proof of principle, we first administered 
dietary protein via a nasogastric tube during sleep and assessed 

subsequent in vivo dietary protein digestion and absorption kinetics 
by combining the use of specifically produced [1-13C]phenylalanine 
labeled casein protein with continuous intravenous infusion of [ring-
2H5]phenylalanine (Groen et al., 2011). The use of both an oral and 
intravenous tracers allows us to assess dietary protein digestion 
and absorption kinetics, as well as, its subsequent use for muscle 
protein synthesis. The dietary protein administered during sleep was 
properly digested and absorbed, resulting in a rapid appearance rate 
of dietary protein derived amino acids in the circulation. Furthermore, 
this overnight increase in plasma amino acid availability increased 
muscle protein synthesis rates and improved whole-body protein 
balance during overnight sleep. An interesting finding revealed that 
a substantial amount of the [1-13C]phenylalanine derived from the 
ingested protein was clearly used for the de novo or new muscle 
protein synthesis, as evidenced by the fact that skeletal muscle 
biopsy samples collected in the morning showed much of the muscle 
protein to be enriched with [1-13C]phenylalanine (Groen et al., 2011). 
We concluded that dietary strategies that allow dietary protein 
provision during overnight sleep allow muscle protein synthesis rates 
to be increased during overnight recovery, thereby increasing the 
window of opportunity to modulate muscle protein metabolism. Such 
overnight feeding strategies provide a thought-provoking concept 
upon which novel interventional strategies can be developed to more 
effectively support muscle mass maintenance and/or accretion in 
both health and disease.

Protein Ingestion Prior to Sleep
The conclusion that nocturnal dietary protein administration  
may stimulate overnight muscle protein accretion provides many
intriguing opportunities. 

Figure 1. Plasma [1-13C]phenylalanine enrichments following ingestion 
of intrinsically [1-13C]phenylalanine labeled protein (PRO) or placebo 
(PLA) prior to sleep. Values are expressed as means + SEM. Data were 
analyzed with repeated-measures ANOVA (treatment x time). Plasma  
[1-13C]phenylalanine enrichments: treatment effect, P<0.01; time effect, 
P<0.01; interaction of treatment and time, P<0.01. *Significantly different 
from PLA (P<0.05). Figure redrawn from Res et al. (2012) Med. Sci. Sports 
Exerc. 44:1560-1569, American College of Sports Medicine.
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For example, the application of nocturnal protein provision in sports 
practice may optimize post-exercise recovery during overnight 
sleep. To address this issue, we selected a group of recreational 
athletes who performed a single bout of resistance type exercise 
in the evening (20:00 h) after a full day of dietary standardization 
(Res et al., 2012). All athletes were provided with appropriate 
recovery nutrition (20 g protein plus 60 g CHO) immediately after 
cessation exercise (21:00 h). Thereafter, 30 min prior to sleep 
(23:30 h), subjects ingested either a beverage with or without 40 g 
of specially produced intrinsically [1-13C]phenylalanine casein 
protein. Using contemporary stable isotope methodology combined 
with the use of intrinsically labeled protein, we were able to 
assess both dietary protein digestion and absorption kinetics as 
well as whole-body and muscle protein synthesis rates during  
overnight sleep. 

After ingestion of the protein, we observed a rapid increase in  
[1-13C]phenylalanine enrichment in the blood, providing evidence 
that the ingested protein was being properly digested and absorbed, 
resulting in a continued provision of dietary protein derived amino 
acids into the circulation (Figure 1). The greater overnight amino acid 
availability increased post-exercise muscle protein synthesis rates, 
thereby improving overnight whole-body protein balance (Figure 2).

As whole-body protein synthesis rates do not necessarily reflect 
muscle protein, we also collected skeletal muscle biopsies in the 
evening and after waking up in the morning. The latter also allowed 
us to assess muscle protein synthesis, showing ~22% higher 
fractional muscle protein synthesis rates throughout post-exercise 
overnight sleep (Figure 3). These data show that provision of dietary 
protein prior to sleep represents an effective nutritional intervention 
to increase plasma amino acid availability, stimulate post-exercise 
muscle protein synthesis and improve whole-body protein balance 
during overnight sleep. The latter may provide an effective 
supplementation strategy to further augment the skeletal muscle 
adaptive response to exercise training and, as such, to improve 
training efficiency.

SUMMARY
Dietary protein ingestion immediately after exercise increases post-
exercise muscle protein synthesis rates, thereby facilitating the 
skeletal muscle adaptive response to prolonged exercise training. 
However, the post-exercise increase in muscle protein synthesis rate 
is not maintained during subsequent overnight sleep. Recent work 
shows that protein ingested prior to sleep is effectively digested and 
absorbed during the night, thereby increasing plasma amino acid 
availability and stimulating post-exercise muscle protein accretion 
during post-exercise overnight sleep. Consequently, dietary protein 
ingestion prior to sleep may represent an effective dietary strategy to 
inhibit muscle protein breakdown, stimulate muscle protein synthesis, 
facilitate the skeletal muscle adaptive response to exercise training 
and improve exercise training effectiveness.

 

Figure 2. Rates of whole-body protein breakdown and synthesis, protein 
oxidation rates and net protein balance in the protein (PRO, white bar) and 
placebo (PLA, black bar) experiments measured during 7.5 h of overnight 
recovery. Values represent means ± SEM. *Significantly different from 
PLA (P<0.05). Figure redrawn from Res et al. (2012) Med. Sci. Sports  
Exerc. 44:1560-1569, American College of Sports Medicine.
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Figure 3. Dietary protein ingestion prior to sleep stimulates muscle protein 
synthesis during overnight recovery. Fractional synthesis rate (FSR) of 
mixed muscle protein during overnight recovery from a single bout of 
resistance type exercise. In the protein trial, 40 g of casein protein were 
ingested prior to sleep. Values represent means ± SEM. *Significantly 
different from placebo (P=0.05). Figure redrawn from Res et al. (2012) Med. 
Sci. Sports Exerc. 44:1560-1569, American College of Sports Medicine.
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Nutritional Recommendations for the Athlete

Provide sufficient protein (20-25 g) with each main meal

Consider coingesting some protein with carbohydrate during exercise (to 
optimize protein synthesis. However, protein has also been linked with slowing 
of delivery of carbohydrate and fluid as well as GI distress, and thus individuals 
need to determine their own strategy)

Ingest 20-25 g of protein immediately after exercise

Consume 20-40 g of protein prior to sleep

Figure 4. Practical recommendations for the athlete regarding dietary 
protein intake during and after an exercise session to optimize  
protein synthesis. 
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