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Abstract
Background Casein protein ingestion prior to sleep has been shown to increase myofibrillar protein synthesis rates during 
overnight sleep. It remains to be assessed whether pre-sleep protein ingestion can also increase mitochondrial protein syn-
thesis rates. Though it has been suggested that casein protein may be preferred as a pre-sleep protein source, no study has 
compared the impact of pre-sleep whey versus casein ingestion on overnight muscle protein synthesis rates.
Objective We aimed to assess the impact of casein and whey protein ingestion prior to sleep on mitochondrial and myofibril-
lar protein synthesis rates during overnight recovery from a bout of endurance-type exercise.
Methods Thirty-six healthy young men performed a single bout of endurance-type exercise in the evening (19:45 h). Thirty 
minutes prior to sleep (23:30 h), participants ingested 45 g of casein protein, 45 g of whey protein, or a non-caloric placebo. 
Continuous intravenous l-[ring-13C6]-phenylalanine infusions were applied, with blood and muscle tissue samples being 
collected to assess overnight mitochondrial and myofibrillar protein synthesis rates.
Results Pooled protein ingestion resulted in greater mitochondrial (0.087 ± 0.020 vs 0.067 ± 0.016%·h−1, p = 0.005) and 
myofibrillar (0.060 ± 0.014 vs 0.047 ± 0.011%·h−1, p = 0.012) protein synthesis rates when compared with placebo. Casein 
and whey protein ingestion did not differ in their capacity to stimulate mitochondrial (0.082 ± 0.019 vs 0.092 ± 0.020%·h−1, 
p = 0.690) and myofibrillar (0.056 ± 0.009 vs 0.064 ± 0.018%·h−1, p = 0.440) protein synthesis rates.
Conclusions Protein ingestion prior to sleep increases both mitochondrial and myofibrillar protein synthesis rates during 
overnight recovery from exercise. The overnight muscle protein synthetic response to whey and casein protein does not differ.
Clinical Trial Registration NTR72 51.

Key Points 

Protein ingestion prior to sleep increases myofibrillar and 
mitochondrial protein synthesis rates during overnight 
recovery from endurance-type exercise.

The overnight muscle protein synthetic response to whey 
and casein ingestion does not differ.

Pre-sleep protein ingestion facilitates the skeletal muscle 
adaptive response to exercise.

This is the first study to show that protein ingestion 
during recovery from exercise increases mitochondrial 
protein synthesis rates.
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1 Introduction

We have previously demonstrated that protein ingested prior 
to sleep is effectively digested and absorbed [1–3], stimu-
lates overnight muscle protein synthesis [1, 3], and allows 
the overnight whole-body protein net balance to become 
positive [1–3]. In addition, protein supplementation prior 
to sleep increases muscle mass and strength gains during 
prolonged resistance-type exercise training [4]. Therefore, 
pre-sleep protein ingestion is now widely recommended as 
a strategy to improve overnight recovery and facilitate the 
skeletal muscle adaptive response to exercise training [5–7].

It is often suggested that micellar casein is the preferred 
type of protein prior to sleep to stimulate overnight anabo-
lism. Micellar casein is a slowly digestible protein that clots 
in the stomach, resulting in a moderate but more sustained 
postprandial release of protein-derived amino acids [8, 9]. 
In support, pre-sleep casein ingestion has been shown to 
increase plasma amino acid levels throughout the entire 
overnight period [1–3]. While pre-sleep casein ingestion has 
been shown to stimulate overnight anabolism [1, 3], its effi-
cacy to increase overnight muscle protein synthesis rates has 
not been compared to other protein sources. Whey protein is 
generally considered the highest quality protein source [10]. 
Whey is a more rapidly digestible protein and its ingestion 
results in a rapid but more transient postprandial increase in 
plasma amino acid levels [8, 9]. Furthermore, whey protein 
has a higher essential amino acid content and provides more 
leucine when compared with an isonitrogenous amount of 
casein protein [11]. Various studies have compared the mus-
cle protein synthetic response to whey and casein protein 
ingestion [12–18]. While two studies demonstrated greater 
postprandial muscle protein synthesis rates following the 
ingestion of whey compared with casein protein [14, 18], 
most studies have failed to detect significant differences [12, 
13, 15–17]. To date, no studies have compared whey and 
casein protein in their capacity to stimulate overnight muscle 
protein synthesis.

It has been well established that protein ingestion during 
recovery from exercise increases myofibrillar protein syn-
thesis rates [19–22]. It is far less evident whether protein 
ingestion during recovery from exercise can also increase 
mitochondrial protein synthesis rates. Previous studies have 
not been able to detect a significant impact of post-exercise 
protein ingestion on mitochondrial protein synthesis rates 
[12, 20–24]. However, there may be a latency in the exer-
cise-induced increase in mitochondrial when compared with 
myofibrillar protein synthesis rates [21, 25–27]. Whereas 
myofibrillar protein synthesis rates are typically highest 
during acute post-exercise recovery (0–6 h) [28, 29], mito-
chondrial protein synthesis rates appear to peak at ~ 24 h of 
post-exercise recovery [25, 27, 30]. Therefore, it could be 

speculated that post-exercise protein ingestion may prove to 
be more effective at stimulating mitochondrial protein syn-
thesis rates when assessed over a more prolonged recovery 
period [31].

The present study assesses the impact of protein ingestion 
prior to sleep on overnight myofibrillar and mitochondrial 
protein synthesis rates following a single bout of endurance-
type exercise in healthy young adults. Here, we compare 
the efficacy of both whey and casein protein ingestion to 
increase muscle protein synthesis rates during overnight 
sleep.

2  Methods

2.1  Participants

A total of 36 healthy young men were selected to participate 
in this study (Table 1). Participants were recruited through 
social media and dedicated bulletin boards within Maastricht 
University. Inclusion criteria were: male, aged between 18 
and 35 years, healthy, and body mass index between 18.5 
and 30 kg·m−2. Exclusion criteria were: smoking, sports/
exercise < 1 or > 3 sessions per week, lactose intolerant, a 
history of neuromuscular problems, use of anticoagulation 
medication, recent (< 1 year) participation in 13C6-pheny-
lalanine tracer studies, and individuals taking any medica-
tion known to affect protein metabolism. Participants were 
randomly assigned to ingest 0 g of protein (PLA, n = 12), 
45 g of casein protein (CAS, n = 12), or 45 g of whey pro-
tein (WHEY, n = 12) prior to sleep. The experiments were 
performed in a randomized double-blinded manner. All 
participants were fully informed of the nature and possible 
risks of the experimental procedures before their written 
informed consent was obtained. The project was registered 
at Nederlands Trial Register as NTR7251 and was approved 
by the Medical Ethical Committee of Maastricht University 
Medical Centre, Maastricht, the Netherlands, and conformed 
to standards for the use of human participants in research as 
outlined in the most recent version of the Helsinki Declara-
tion. The study was independently monitored by the Clinical 
Trial Center Maastricht.

2.2  Pretesting

Bodyweight and body composition were determined by 
dual-energy x-ray absorptiometry (Discovery A; Hologic, 
Bedford, MA, USA). Participant’s maximal workload 
capacity and peak oxygen consumption were determined 
while performing a stepwise exercise test to exhaustion on 
an electronically braked cycle ergometer (Lode Excalibur, 
Groningen, The Netherlands), using an online gas-collection 
system (Omnical, Maastricht University, Maastricht, The 



1447Protein Type and Overnight Muscle Recovery

Netherlands). After a 5-min warm up at 100 W, workload 
was set at 150 W and increased 50 W every 2.5 min until 
exhaustion. Peak oxygen consumption was defined as the 
median of the highest consecutive values over 30 s. Maximal 
workload capacity was calculated as the workload in the last 
completed stage and workload relative to the time spent in 
the last incomplete stage: (time in seconds)/150 × 50 (W). 
The pretesting and experimental trials were separated by at 
least 7 days.

2.3  Diet and Physical Activity

All participants were instructed to refrain from exhaustive 
physical labor and exercise and to keep their diet as constant 
as possible 2 days before the experimental day. Food intake 
and physical activity questionnaires were collected for 2 days 
before the experiment. All participants received a standard-
ized diet throughout the experimental day [0.16 MJ·kg−1, 
providing 64 energy percentage (En%) carbohydrate, 12 
En% protein, and 24 En% fat]. The energy content of the 
standardized diet was based on individual energy require-
ments based on the Harris–Benedict equation and adjusted 
using a physical activity factor of 1.6 to ensure ample energy 
intake. During the experimental day, all participants ingested 
1.2 ± 0.1 g of protein·kg body  mass−1 via the standardized 
diet. Participants receiving the casein or whey protein treat-
ment ingested an additional 45 g (0.6 g·kg−1) of protein 
before sleep (23:30 h). Prior to intake of the test drink and in 
the morning after the intervention, hunger and sleep ratings 
were assessed using the visual analog scale [32]. Subjects 

indicated their feeling of hunger and sleep on 10-cm lines, 
with the left side (0 cm) representing “absolutely no hun-
ger” and “absolutely no sleep” and the right side (10 cm) 
representing “extremely hungry” and “extremely sleepy”. 
In the morning, participants were invited to an ad libitum 
breakfast, and food intake at breakfast was recorded for all 
participants.

2.4  Test Beverages

Whey protein concentrate (Nutri Whey™ 800F) and micel-
lar casein protein isolate (Refit  MCIMF 88) were obtained 
from FrieslandCampina Ingredients. The proteins had min-
imal glycation (blocked lysine < 5%) and high solubility 
(> 95%) [33, 34]. The WHEY and CAS drinks contained 3% 
free l-[ring-13C6]-phenylalanine to minimize dilution of the 
steady-state plasma l-[ring-13C6]-phenylalanine precursor 
pool implemented by the constant infusion [35]. Beverages 
contained 450 mL of water and 1.5 mL of vanilla extract (Dr. 
Oetker, Amersfoort, The Netherlands).

2.5  Experimental Protocol

At 17:00  h, participants reported to the laboratory. At 
17:30 h (t =  − 360 min), the participants consumed a stand-
ardized dinner (0.04 MJ·kg−1, providing 69 En% carbohy-
drate, 15 En% protein, and 16 En% fat; Sligro, Maastricht, 
The Netherlands). A single bout of endurance-type exer-
cise was performed between 19:45 and 20:45 h. A 330-
mL drink providing 49 g of carbohydrate was ingested 
immediately after exercise and ingested within 2 min (AA 

Table 1  Subjects’characteristics

Values are means+SD
PLA placebo treatment, CAS micellar casein protein treatment, WHEY whey protein treatment

PLA
(n = 12)

CAS
(n = 12)

WHEY
(n = 12)

ALL
(n = 36)

Age (y) 26 ± 5 25 ± 4 24 ± 3 25 ± 4
Body mass (kg) 76.4 ± 7.8 76.2 ± 5.5 78 ± 11 76.8 ± 8.2
BMI (kg  m−2) 22.7 ± 1.3 23.6 ± 1.8 23.6 ± 2.7 23.3 ± 2
LBM (kg) 62 ± 5.8 60.1 ± 4.8 61.1 ± 8 61.1 ± 6.2
Fat mass (kg) 15.4 ± 4.3 16.5 ± 3.2 17.4 ± 5.2 16.4 ± 4.3
Fat (%) 20 ± 5 22 ± 4 22 ± 4 21 ± 4
VO2peak (ml  kg−1  min−1) 51 ± 9 47 ± 8 47 ± 7 48 ± 8
Wmax (W  kg−1) 4.4 ± 0.9 4 ± 0.8 3.8 ± 0.8 4 ± 0.8
Energy intake (MJ  d−1) 10.5 ± 1 10.9 ± 1.2 10.8 ± 2.1 10.7 ± 1.5
Protein intake (g·d-1) 1.3 ± 0.3 1.4 ± 0.3 1.3 ± 0.3 1.3 ± 0.3
Protein (% of energy) 16 ± 4 16 ± 4 16 ± 5 16 ± 4
Carbohydrate (% of energy) 48 ± 3 46 ± 7 45 ± 7 46 ± 6
Fat intake (% of energy) 34 ± 3 35 ± 5 36 ± 6 35 ± 5
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drink High Energy, United Soft Drinks, Utrecht, The Neth-
erlands). Catheters were inserted into an antecubital vein 
of each arm. Subsequently, a background blood sample 
was taken before the initiation of the tracer infusion proto-
col, which was started at 21:00 h (t =  − 150 min). Plasma 
and intracellular phenylalanine pools were primed with a 
single intravenous dose (priming dose) of l-[ring-13C6]-
phenylalanine (2.25 μmol·kg−1). Once primed, the con-
tinuous stable isotope infusion was initiated (infusion rate: 
0.05 μmol·kg−1·min−1 l-[ring-13C6]-phenylalanine (Cam-
bridge Isotopes Laboratories, Andover, MA, USA). Par-
ticipants rested in a supine position for 2.5 h until 23:30 h, 
after which the first muscle biopsy was taken. Subsequently, 
participants ingested the beverage (t = 0 min) PLA, CAS, or 
WHEY within 5 min. Following drink ingestion, participants 
prepared to go to sleep (sleep time: ~ 00:00 h). During the 
night, blood samples (10 mL) were taken without waking up 
the participants at t = 30, 60, 90, 150, 210, 330, and 450 min 
relative to the intake of the protein drink. Participants were 
woken at ~ 07:00 h after which the second muscle biopsy was 
from the contralateral leg (t = 450 min) (Fig. 1).

Blood samples were collected in EDTA-containing tubes 
and centrifuged at 1000 g for 10 min at 4 °C. Aliquots of 
plasma were frozen in liquid nitrogen and stored at − 80 °C. 
Muscle biopsies were obtained from the middle region of 
the musculus vastus lateralis, 15 cm above the patella and 
approximately 4 cm below entry through the fascia, using 
the percutaneous needle biopsy technique [36]. Muscle 
samples were dissected carefully and freed from any visible 

non-muscle material. The muscle samples were immediately 
frozen in liquid nitrogen and stored at − 80 °C until further 
analysis.

2.6  Exercise Protocol

Participants performed 60 min of continuous endurance 
exercise on a cycle ergometer at a fixed 60% of their previ-
ously determined maximal workload capacity. Participants 
were allowed ad libitum access to water during cycling. 
Visual feedback for pedal frequency (revolutions/min) and 
elapsed time were provided to participants.

2.7  Plasma and Muscle Analyses

Plasma glucose and insulin levels were measured using 
commercially available kits (GLUC3; Roche, Basel, Swit-
zerland, Ref: 05,168,791,190 and Immunologic; Roche, 
Ref: 12,017,547,122, respectively). Plasma amino acid lev-
els were quantified using ultra performance liquid chroma-
tography-mass spectrometry as described previously [33]. 
Plasma phenylalanine levels and l-[ring-13C6]-phenylalanine 
enrichments were determined by GC–MS (Agilent 7890A 
GC/5975C; MSD) as described previously [37]. Myofibrillar 
and mitochondrial protein-bound phenylalanine enrichments 
were determined as described previously [12]. In separate 
pieces of muscle (n = 3), myofibrillar and mitochondrial 
protein (maximal) citrate synthase activity was measured 
as described before [38]. Enzyme activity is expressed as 

Fig. 1  Experimental protocol. A carbohydrate drink was consumed immediately following a bout of endurance-type exercise at 20:45 h. Partici-
pants were randomly assigned to ingest placebo, 45 g of casein protein, or 45 g of whey protein at 23:30 h
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micromoles of product (citrate) generated per gram of pro-
tein per minute during the assay (µmol·g  protein−1·min−1). 
Protein content in the muscle fractions was assessed by 
a bicinchoninic acid assay on both the supernatant and pellet. 
Western blots were performed on the myofibrillar and mito-
chondrial protein fractions to determine their purity. A por-
tion of each muscle sample frozen for biochemical analyses 
was homogenized in seven volumes of Tris buffer (20 mm of 
Tris–HCL, 5 mm of EDTA, 10 mm of Na-pyrophosphate, 
100 mm of NaF, 2 mm of  Na3VO4, 1% Nonident P-40; pH 
7.4) supplemented with protease and phosphatase inhibitors: 
10 µg  mL–1 of aprotinin, 10 µg  mL–1 of leupeptin, 3 mm of 
benzamidine, and 1 mm of phenylmethylsulphonyl fluoride. 
After homogenization, each muscle extract was centrifuged 
for 10 min at 10,000g (4 °C) and a sample buffer was added 
to the supernatant to final concentrations of 60 mm of Tris, 
10% glycerol, 20 mg  mL–1 of SDS, 0.1 mm of dithiothreitol, 
and 20 µg  mL–1 of bromophenol blue. The supernatant was 
then heated for 5 min at 100 °C and immediately placed 
on ice. Immediately before analyses, the muscle extraction 
sample was warmed to 50 °C and centrifuged for 1 min at 
1000g  (room temperature). The total amount of sample 
loaded on the gel was based on the protein content. After a 
Bradford assay, an equal amount of protein was loaded on 
the gel. Samples were run on a Criterion Stain-Free TGX 
4–15% gel (Order No. 567–8083; Bio-Rad, Hercules, CA, 
USA) ± 90 min at 150 V (constant voltage) and transferred 
onto a Trans-blot Turbo 0.2 µm nitrocellulose membrane 
(Order No. 170-4159; Bio-Rad) for 10 min at 2.5 A and 
25 V. Specific proteins were detected by overnight incuba-
tion at 4 °C on a shaker with specific antibodies in 50% in 
PBS Odyssey blocking buffer (Part No. 927-40000; Li-Cor 
Biosciences, Lincoln, NE, USA) after blocking for 60 min at 
room temperature in 50% in PBS Odyssey blocking buffer. 
Primary antibodies myosin IIa #49349 and citrate synthase 
#14309 were purchased from Cell Signaling Technology, 
Danvers, MA, USA. Following incubation, membranes were 
washed three times for 10 min in 0.1% PBS-Tween 20 and 
once for 10 min in PBS. Next, samples were incubated on a 
shaker (1 h at room temperature) with an infrared secondary 
antibody donkey anti-rabbit IRDYE 800 (dilution 1:10,000; 
Cat. No. 611-732-127; Rockland Immunochemicals, Potts-
town, PA, USA) dissolved in 50% PBS Odyssey blocking 
buffer. After a final wash step (3 × 10 min) in 0.1% Tween 
20-PBS and once for 10 min in PBS, protein quantification 
was performed by scanning on an Odyssey Infrared Imaging 
System (Li-Cor Biosciences). The picture of the stain-free 
gel was used to standardize for the amount of protein loaded.

2.8  Calculations

The fractional synthetic rate (FSR) of myofibrillar and mito-
chondrial protein was calculated by dividing the increment 
in protein fraction enrichment by the precursor amino acid 
enrichment.

Em2 − EM1 represent the increment in myofibrillar or mito-
chondrial protein-bound l-[ring-13C6]-phenylalanine enrich-
ments in mole percent excess between the two muscle 
samples. Eprecursor is the weighted mean plasma l-[ring-13C6]-
phenylalanine enrichment in mole percent excess during the 
tracer incorporation period, and t is the tracer incorporation 
time in hours.

2.9  Statistics

All data in text are expressed as mean ± standard deviation. 
Time-dependent variables (i.e., plasma glucose, insulin, 
amino acid levels, and tracer enrichments) were analyzed 
by a two-factor repeated-measures analysis of variance 
(ANOVA) with time as a within-subject factor and treatment 
group as a between-subject factor. Non-time-dependent vari-
ables (i.e., overnight myofibrillar and mitochondrial protein 
synthesis rates) were compared between treatments using 
a one-factor ANOVA. A power calculation was performed 
with differences in overnight myofibrillar protein FSR as 
the primary outcome measure with the use of a standard 
deviation of 0.007%·h−1 in all treatments, and a difference 
in FSR of 0.011%·h−1 between WHEY and CAS versus PLA 
(or ~ 33% when expressed as a relative difference between 
treatments) [1]. With a power of 80% and a significance level 
of 0.017 (0.05/3 to account for Bonferroni correction), the 
minimal number of participants to be included was calcu-
lated as n = 10 per group. To account for potential dropout, 
we recruited 12 participants per group. Bonferroni post hoc 
analysis was performed whenever a significant F ratio was 
found to isolate specific differences. Statistical analyses were 
performed with a software package (IBM SPSS Statistics for 
Windows, Version 21.0; IBM Corp., Armonk, NY, USA). 
Means were considered to be significantly different for p 
values < 0.05.

FSR
(

%⋅h−1
)

=

(

Em2
− Em1

Eprecursor ⋅ t

)

⋅ 100%



1450 J. Trommelen et al.

3  Results

3.1  Plasma Glucose and Insulin Levels

Plasma glucose and insulin levels are shown in Fig.  2. 
Plasma glucose levels showed a transient increase at 
t = 30 min (time effect: p < 0.001), but did not differ between 
treatments throughout the overnight period (time*treatment 
interaction: p = 0.298). Plasma insulin levels increased fol-
lowing protein ingestion (time ×  treatment interaction: 
p < 0.001), with a subsequent analysis showing a more pro-
longed rise following whey ingestion when compared with 
casein protein ingestion (t = 60–90; ANOVA, p < 0.05).

3.2  Plasma Amino Acid Levels

Plasma amino acid levels and incremental areas under the 
curves are shown in Fig. 3. Total plasma amino acid levels 
increased following protein ingestion (time × treatment: 
p < 0.001). Total plasma amino acid levels were higher 
60–90 min following the ingestion of whey protein when 
compared with after casein protein ingestion (p < 0.001). 
In contrast, total plasma amino acid levels upon waking 
(t = 450 min) were significantly higher following casein pro-
tein ingestion when compared with whey protein ingestion 
(p = 0.002). Plasma amino acid levels for branched-chain 
amino acids, non-essential amino acids, and individual 
amino acids are displayed in Fig. 1 of the Electronic Sup-
plementary Material.

3.3  Plasma l‑[ring‑13C6] Enrichments

Plasma l-[ring-13C6]-phenylalanine enrichments are shown 
in Fig. 4. Plasma l-[ring-13C6]-phenylalanine enrichments 
did not differ between treatments before drink ingestion 
(t = 0 min, p = 0.819). Plasma l-[ring-13C6]-phenylalanine 
enrichments increased slightly throughout the night (time 
effect: p < 0.001), and this increase was delayed in the 
WHEY protein treatment when compared with PLA and 
CAS (time × treatment interaction: p < 0.001).

3.4  Muscle Protein Synthesis Rates

Overnight myofibrillar protein synthesis rates (Fig. 5a) were 
significantly different between treatments (0.047 ± 0.011, 
0.056 ± 0.009, and 0.064 ± 0.018%·h−1 in PLA, CAS, and 
WHEY, respectively, ANOVA: p = 0.015). We collapsed the 
data from CAS and WHEY into a single treatment group 
(PROTEIN) to compare the impact of protein ingestion ver-
sus placebo ingestion. Overnight myofibrillar protein syn-
thesis rates were significantly higher in the PROTEIN treat-
ments (0.060 ± 0.014%·h−1) when compared with the PLA 
treatment (p = 0.012). When comparing individual treat-
ments, overnight myofibrillar protein synthesis rates were 
significantly higher in the WHEY treatment when compared 
with PLA treatment (p = 0.012). CAS ingestion resulted in 
intermediate values that were not significantly different 
when compared to either the PLA or WHEY treatment.

Overnight mitochondrial protein synthesis rates 
(Fig. 5b) were significantly different between treatments 
(0.067 ± 0.016, 0.082 ± 0.019, and 0.092 ± 0.020%·h−1 
in PLA, CAS, and WHEY, respectively, ANOVA: 
p = 0.009). Overnight mitochondrial protein synthesis 
rates were significantly higher in the PROTEIN treatments 
(0.087 ± 0.020%·h−1) when compared with the PLA treat-
ment (p = 0.005). When comparing individual treatments, 

Fig. 2  Overnight plasma glucose (a) and insulin (b) levels follow-
ing pre-sleep placebo (PLA), casein protein (CAS), or whey protein 
(WHEY) ingestion. Data are analyzed by two-factor repeated-meas-
ures analysis of variance with time as the within-subject factor and 
treatments as the between-subject factor. The data are expressed as 
mean ± standard deviation. Time  ×  treatment: panel a: p = 0.298, 
panel b: p < 0.001. CPCAS significantly higher than PLA. WPWHEY 
significantly higher than PLA. WCWHEY significantly higher than 
CAS, p < 0.05
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overnight mitochondrial protein synthesis rates were signifi-
cantly higher in the WHEY treatment when compared with 
PLA (p = 0.008). CAS ingestion resulted in intermediate 
values that were not significantly different when compared 
to either the PLA or WHEY treatment.

3.5  Muscle Fraction Purity

MHC IIa protein was identified in the myofibrillar protein 
fraction, but absent in the mitochondrial protein fraction 
(Fig. 6). Citrate synthase protein was slightly present in the 

Fig. 3  Overnight plasma levels 
and incremental area under the 
curve (iAUC) of phenylalanine 
(a, b, leucine (c, d), essential 
amino acid (e, f), and total 
amino acid levels (g, h) follow-
ing pre-sleep placebo (PLA), 
casein protein (CAS), or whey 
protein (WHEY) ingestion. 
Timeline data are analyzed by 
two-factor repeated-measures 
analysis of variance with time 
as the within-subject factor 
and treatments as the between-
subject factor. Timeline data 
are expressed as mean ± stand-
ard deviation. Incremental 
area under the curve data are 
analyzed with a one-way analy-
sis of variance. Incremental 
area under the curve data are 
expressed as box-and-whisker 
plots with the median (line), 
mean (cross), interquartile 
range (box), and minimum 
and maximum values (tails). 
Time × treatment: panels a, 
c, e, g: p < 0.001. Analysis 
of variance: panels b, d, f, h: 
p < 0.001. CP: CAS significantly 
higher than PLA. WPWHEY 
significantly higher than PLA. 
WCWHEY significantly higher 
than CAS. iAUC data: treat-
ments without a common letter 
differ, p < 0.05
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myofibrillar protein fraction, but was substantially higher in 
the mitochondrial protein fraction. In line, maximal citrate 
synthase activity was much higher in the mitochondrial pro-
tein fraction when compared with the myofibrillar protein 
fraction (2727 ± 1047 and 63 ± 49 μmol·g−1·min−1).

3.6  Sleep, Hunger, and Energy Intake

The feeling of sleep (visual analog scale sleep score) was 
decreased in the morning when compared with prior to sleep 
(time effect: p < 0.001), with no differences in this increase 

between treatments (time × treatment interaction: p = 0.085). 
The visual analog scale hunger scores did not change over 
time or between treatments (p > 0.05). Energy intake aver-
aged 31 kJ·kg body  mass−1 during the ad libitum breakfast 
with no differences between treatments (p = 0.561).

4  Discussion

The present study showed that pre-sleep protein ingestion 
stimulates myofibrillar and mitochondrial protein synthesis 
during overnight recovery from endurance-type exercise. 
Furthermore, we demonstrate that casein protein ingestion 
prior to sleep does not provide a greater anabolic response 
during overnight sleep when compared to the ingestion of 
whey protein.

It has been well established that micellar casein is a 
slowly digestible protein source and that its ingestion results 
in a more sustained release of protein-derived amino acids in 
the circulation [8, 9]. In agreement with our previous work 
[1–3], we observed that the ingestion of micellar casein pro-
tein prior to sleep resulted in sustained hyperaminoacidemia 
throughout the entire overnight period (Fig. 2). So far, stud-
ies examining the plasma amino acid and anabolic response 
to pre-sleep protein ingestion have been limited to micel-
lar casein protein. Whey is a fast digestible protein and its 
ingestion will result in a more rapid but transient increase in 
plasma amino acid levels when compared with the ingestion 
of casein protein [8, 9]. Indeed, whey protein ingestion prior 
to sleep resulted in a greater initial rise in circulating plasma 
amino levels and lower levels upon waking when compared 
with micellar casein protein (Fig. 2). Despite this, whey 
protein ingestion resulted in significantly higher plasma 

Fig. 4  Overnight plasma l-[ring-13C6]-phenylalanine enrichments 
following pre-sleep placebo (PLA), casein protein (CAS), or whey 
protein (WHEY) ingestion. Data are analyzed by two-factor repeated-
measures analysis of variance with time as the within-subject factor 
and treatments as the between-subject factor. The data are expressed 
as mean ± standard deviation. Time  ×  treatment: p < 0.001. PWPLA 
significantly higher than WHEY. CWCAS significantly higher than 
WHEY, p < 0.05. MPE mole percent excess

Fig. 5  Overnight myofibrillar (a) and mitochondrial (b) protein syn-
thesis rates following pre-sleep placebo (PLA), casein protein (CAS), 
or whey protein (WHEY) ingestion. The data are presented as box-
and-whisker plots with the median (line), mean (cross), interquartile 
range (box), and minimum and maximum values (tails). Data were 

analyzed with a one-way analysis of variance with treatment as the 
between-subject factor and a Bonferroni correction was applied. 
Analysis of variance: panel a: p = 0.015, panel b: p = 0.009. Treat-
ments without a common letter differ, p < 0.05. FSR fractional syn-
thetic rate
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amino acid levels during most of the overnight period when 
compared with placebo ingestion (5.5 out of 7.5 h). Our 
data show that both rapidly and more slowly digestible pro-
teins can be applied effectively to elevate plasma amino acid 
availability throughout overnight sleep.

To study the impact of the overnight increase in plasma 
amino acid availability on overnight muscle protein synthe-
sis rates, we applied l-[13C6]-phenylalanine infusions and 
collected muscle biopsies before and after sleep (Fig. 1). 
We have previously shown that protein ingestion prior to 
sleep increases overnight muscle protein synthesis rates at 
rest and during recovery from resistance-type exercise [1, 
3]. In the present study, we confirm previous findings and 
extend on these findings by showing that protein ingestion 
prior to sleep also increases myofibrillar protein synthesis 
rates during overnight recovery from endurance-type as 
opposed to resistance-type exercise (Fig. 5a). As the mus-
cle protein synthetic response to protein ingestion can be 
modulated by the type of ingested protein, we compared 
the potential impact of whey versus casein protein inges-
tion. Overnight myofibrillar protein synthesis rates were ~ 18 
and 35% higher following casein and whey protein ingestion 
when compared with placebo (Fig. 5a). There were no dif-
ferences in the anabolic response to pre-sleep whey versus 
casein protein ingestion. These data are in line with previ-
ous observations of which two studies demonstrated greater 
postprandial muscle protein synthesis rates following the 
ingestion of whey protein when compared with casein [14, 
18], but most studies have failed to observe significant differ-
ences [12, 13, 15–17]. As myofibrillar protein synthesis rates 
were numerically higher following whey protein ingested 
when compared with casein protein, our data strongly chal-
lenge the common belief that casein is the preferred protein 
source to stimulate overnight anabolism.

In addition to the impact of pre-sleep protein ingestion 
on overnight myofibrillar protein synthesis rates, we also 
assessed the impact on mitochondrial protein synthesis rates. 

Previous work has failed to detect an impact of post-exercise 
protein ingestion on mitochondrial protein synthesis rates 
[12, 20–24, 39]. All these studies have assessed the impact 
of protein ingestion on mitochondrial protein synthesis rates 
in the first few hours (4–6 h) following exercise. However, 
it appears that the protein synthetic response to exercise is 
more delayed for mitochondrial protein when compared 
with myofibrillar protein [21, 25–27]. The overnight recov-
ery period may cater for the proposed latency in the exer-
cise-induced stimulation of mitochondrial protein synthesis 
rates. We provided the protein supplements prior to sleep 
and assessed mitochondrial protein synthesis rates over a 
7.5-h overnight period (2.5–10 h post-exercise). As a con-
sequence, we demonstrate that pre-sleep protein ingestion 
stimulates overnight mitochondrial protein synthesis rates 
during overnight recovery. Overnight mitochondrial protein 
synthesis rates were 23% and 37% higher following casein 
and whey protein ingestion when compared with placebo 
(Fig. 5b). No significant differences in overnight mitochon-
drial protein synthesis rates were observed following whey 
versus casein protein ingestion. Our data provide the first 
evidence that post-exercise mitochondrial protein synthesis 
rates can be modulated by protein ingestion.

Our observations suggest that pre-sleep protein inges-
tion represents an effective strategy to support muscle tissue 
repair and facilitate the skeletal muscle adaptive response 
to endurance training. The observed increase in both myofi-
brillar as well as mitochondrial protein synthesis rates pro-
vides the rationale for the observation that protein supple-
mentation can improve gains in aerobic capacity and lean 
mass during endurance training [40–42]. However, it should 
be noted that other studies have failed to observe benefits 
of protein supplementation on aerobic capacity following 
a period of prolonged endurance exercise training [43–45]. 
Nonetheless, from our findings, it is clear that pre-sleep 
protein ingestion may facilitate skeletal muscle condition-
ing following endurance training and may help athletes to 
improve endurance training efficiency. As endurance ath-
letes typically do not consume much protein prior to sleep 
[46], pre-sleep feeding represents an important and often 
overlooked opportunity to consume a protein-rich meal or 
snack.

5  Conclusions

This is the first study to show that pre-sleep protein con-
sumption increases both mitochondrial and myofibrillar 
protein synthesis rates during overnight recovery from 
endurance exercise. Furthermore, we conclude that pre-
sleep casein protein ingestion is not preferred over whey 
protein as a means to further increase post-exercise muscle 
protein synthesis rates during overnight sleep.

Fig. 6  Myosin IIa (MHC IIa) and citrate synthase (CS) protein abun-
dance in myofibrillar (Myofib) and mitochondrial (Mito) protein frac-
tions (a), equal amount of protein loaded on the gel was confirmed by 
staining the SDS-page gel (b). CBB coomassie brilliant blue



1454 J. Trommelen et al.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40279- 023- 01822-3.

Declarations 

Funding The project was funded by TI Food and Nutrition, a public–
private partnership on precompetitive research in food and nutrition. 
The researchers were responsible for the study design, data collection 
and analysis, decision to publish, and preparation of the manuscript. 
The industrial partners contributed to the project through regular dis-
cussion.

Conflicts of interest/competing interests GvL and JN are employees 
of FrieslandCampina. JT, LV, LdG, and LvL have received speaker’s 
fee, research grants, consulting fees, or a combination of these, from 
FrieslandCampina, Nutricia Research, and PepsiCo (industrial part-
ners of the project). None of the other authors has any conflicts of 
interest, financial or otherwise, to disclose. See the following pages for 
a full overview of career funding for JT and LvL: https:// www. maast 
richt unive rsity. nl/ jorn. tromm elen and https:// www. maast richt unive 
rsity. nl/l. vanlo on.

Ethics approval The project was registered at Nederlands Trial Register 
as NTR7251 and was approved by the Medical Ethical Committee of 
Maastricht University Medical Centre, Maastricht, the Netherlands, and 
conformed to standards for the use of human participants in research as 
outlined in the most recent version of the Helsinki Declaration.

Consent to participate Participants completed a written informed con-
sent prior to innating study procedures.

Consent for publication Participants completed a written informed 
consent for publication.

Availability of data and material Available upon request.

Code availability Not applicable.

Authors’ contributions JT, JN, LV, LdG, and LvL designed the 
research; JT, GvL, PP, FH, and JS conducted the study; JT, JS, JG, 
JK, JvK, and AG analyzed the data; JT and LvL wrote the paper. All 
authors read and approved the final manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Kouw IW, Holwerda AM, Trommelen J, Kramer IF, Bastiaanse 
J, Halson SL, et al. Protein ingestion before sleep increases 
overnight muscle protein synthesis rates in healthy older men: 
a randomized controlled trial. J Nutr. 2017;147(12):2252–61.

 2. Trommelen J, Kouw IWK, Holwerda AM, Snijders T, Halson SL, 
Rollo I, et al. Presleep dietary protein-derived amino acids are 
incorporated in myofibrillar protein during postexercise overnight 
recovery. Am J Physiol Endocrinol Metab. 2018;314(5):E457–67.

 3. Res PT, Groen B, Pennings B, Beelen M, Wallis GA, Gijsen AP, 
et al. Protein ingestion before sleep improves postexercise over-
night recovery. Med Sci Sports Exerc. 2012;44(8):1560–9.

 4. Snijders T, Res PT, Smeets JS, van Vliet S, van Kranenburg J, 
Maase K, et al. Protein ingestion before sleep increases muscle 
mass and strength gains during prolonged resistance-type exercise 
training in healthy young men. J Nutr. 2015;145(6):1178–84.

 5. Trommelen J, van Loon LJ. Pre-sleep protein ingestion to improve 
the skeletal muscle adaptive response to exercise training. Nutri-
ents. 2016;8(12):763.

 6. Snijders T, Trommelen J, Kouw IWK, Holwerda AM, Verdijk 
LB, van Loon LJC. The impact of pre-sleep protein ingestion on 
the skeletal muscle adaptive response to exercise in humans: an 
update. Front Nutr. 2019;6:17.

 7. Collins J, Maughan RJ, Gleeson M, Bilsborough J, Jeukendrup 
A, Morton JP, et al. UEFA expert group statement on nutrition in 
elite football: current evidence to inform practical recommenda-
tions and guide future research. Br J Sports Med. 2021;55(8):416.

 8. Boirie Y, Dangin M, Gachon P, Vasson MP, Maubois JL, 
Beaufrère B. Slow and fast dietary proteins differently modu-
late postprandial protein accretion. Proc Natl Acad Sci USA. 
1997;94(26):14930–5.

 9. Gorissen SHM, Trommelen J, Kouw IWK, Holwerda AM, Pen-
nings B, Groen BBL, et al. Protein type, protein dose, and age 
modulate dietary protein digestion and phenylalanine absorption 
kinetics and plasma phenylalanine availability in humans. J Nutr. 
2020;150(8):2041–50.

 10. Devries MC, Phillips SM. Supplemental protein in sup-
port of muscle mass and health: advantage whey. J Food Sci. 
2015;80(Suppl 1):A8-15.

 11. Gorissen SHM, Crombag JJR, Senden JMG, Waterval WAH, 
Bierau J, Verdijk LB, et al. Protein content and amino acid com-
position of commercially available plant-based protein isolates. 
Amino Acids. 2018;50(12):1685–95.

 12. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Peeters WM, 
Zorenc AH, Schierbeek H, et al. Myofibrillar and mitochondrial 
protein synthesis rates do not differ in young men following the 
ingestion of carbohydrate with milk protein, whey, or micellar 
casein after concurrent resistance- and endurance-type exercise. 
J Nutr. 2019;149(2):198–209.

 13. Gorissen SH, Horstman AM, Franssen R, Crombag JJ, Langer H, 
Bierau J, et al. Ingestion of wheat protein increases in vivo muscle 
protein synthesis rates in healthy older men in a randomized trial. 
J Nutr. 2016;146(9):1651–9.

 14. Burd NA, Yang Y, Moore DR, Tang JE, Tarnopolsky MA, 
Phillips SM. Greater stimulation of myofibrillar protein syn-
thesis with ingestion of whey protein isolate v. micellar casein 
at rest and after resistance exercise in elderly men. Br J Nutr. 
2012;108(6):958–62.

 15. Dideriksen KJ, Reitelseder S, Petersen SG, Hjort M, Helmark 
IC, Kjaer M, et al. Stimulation of muscle protein synthesis by 
whey and caseinate ingestion after resistance exercise in elderly 
individuals. Scand J Med Sci Sports. 2011;21(6):e372–83.

 16. Reitelseder S, Agergaard J, Doessing S, Helmark IC, Lund P, 
Kristensen NB, et al. Whey and casein labeled with l-[1-13C]
leucine and muscle protein synthesis: effect of resistance exer-
cise and protein ingestion. Am J Physiol Endocrinol Metab. 
2011;300(1):E231–42.

 17. Tipton KD, Elliott TA, Cree MG, Wolf SE, Sanford AP, Wolfe 
RR. Ingestion of casein and whey proteins result in muscle 
anabolism after resistance exercise. Med Sci Sports Exerc. 
2004;36(12):2073–81.

https://doi.org/10.1007/s40279-023-01822-3
https://www.maastrichtuniversity.nl/jorn.trommelen
https://www.maastrichtuniversity.nl/jorn.trommelen
https://www.maastrichtuniversity.nl/l.vanloon
https://www.maastrichtuniversity.nl/l.vanloon
http://creativecommons.org/licenses/by/4.0/


1455Protein Type and Overnight Muscle Recovery

 18. Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phil-
lips SM. Ingestion of whey hydrolysate, casein, or soy protein 
isolate: effects on mixed muscle protein synthesis at rest and 
following resistance exercise in young men. J Appl Physiol. 
2009;107(3):987–92.

 19. Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. 
Myofibrillar muscle protein synthesis rates subsequent to a meal 
in response to increasing doses of whey protein at rest and after 
resistance exercise. Am J Clin Nutr. 2014;99(1):86–95.

 20. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Betz MW, 
Senden JM, Goessens JPB, et al. Dose–response effects of dietary 
protein on muscle protein synthesis during recovery from endur-
ance exercise in young men: a double-blind randomized trial. Am 
J Clin Nutr. 2020;112(2):303–17.

 21. Breen L, Philp A, Witard OC, Jackman SR, Selby A, Smith K, 
et al. The influence of carbohydrate-protein co-ingestion follow-
ing endurance exercise on myofibrillar and mitochondrial protein 
synthesis. J Physiol. 2011;589(Pt 16):4011–25.

 22. Abou Sawan S, van Vliet S, Parel JT, Beals JW, Mazzulla M, West 
DWD, et al. Translocation and protein complex co-localization of 
mTOR is associated with postprandial myofibrillar protein synthe-
sis at rest and after endurance exercise. Physiol Rep. 2018;6(5): 
e13628.

 23. Coffey VG, Moore DR, Burd NA, Rerecich T, Stellingwerff T, 
Garnham AP, et al. Nutrient provision increases signalling and 
protein synthesis in human skeletal muscle after repeated sprints. 
Eur J Appl Physiol. 2011;111(7):1473–83.

 24. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Peeters WM, 
Zorenc AH, Schierbeek H, et al. Myofibrillar and mitochondrial 
protein synthesis rates do not differ in young men following the 
ingestion of carbohydrate with whey, soy, or leucine-enriched soy 
protein after concurrent resistance- and endurance-type exercise. 
J Nutr. 2019;149(2):210–20.

 25. Burd NA, Tardif N, Rooyackers O, van Loon LJ. Optimizing the 
measurement of mitochondrial protein synthesis in human skeletal 
muscle. Appl Physiol Nutr Metab. 2015;40(1):1–9.

 26. Moore DR, Stellingwerff T. Protein ingestion after endurance 
exercise: the ‘evolving’ needs of the mitochondria? J Physiol. 
2012;590(8):1785–6.

 27. Di Donato DM, West DW, Churchward-Venne TA, Breen L, Baker 
SK, Phillips SM. Influence of aerobic exercise intensity on myofi-
brillar and mitochondrial protein synthesis in young men during 
early and late postexercise recovery. Am J Physiol Endocrinol 
Metab. 2014;306(9):E1025–32.

 28. Burd NA, West DW, Staples AW, Atherton PJ, Baker JM, Moore 
DR, et al. Low-load high volume resistance exercise stimulates 
muscle protein synthesis more than high-load low volume resist-
ance exercise in young men. PLoS ONE. 2010;5(8): e12033.

 29. Kumar V, Atherton PJ, Selby A, Rankin D, Williams J, Smith 
K, et al. Muscle protein synthetic responses to exercise: effects 
of age, volume, and intensity. J Gerontol A Biol Sci Med Sci. 
2012;67(11):1170–7.

 30. Bagheri R, Robinson I, Moradi S, Purcell J, Schwab E, Silva T, 
et al. Muscle protein synthesis responses following aerobic-based 
exercise or high-intensity interval training with or without protein 
ingestion: a systematic review. Sports Med. 2022;52(11):2713–32.

 31. Dela Cruz J, Kahan D. Pre-sleep casein supplementation, 
metabolism, and appetite: a systematic review. Nutrients. 
2021;13(6):1872.

 32. Raben A, Tagliabue A, Astrup A. The reproducibility of subjective 
appetite scores. Br J Nutr. 1995;73(4):517–30.

 33. Trommelen J, Weijzen MEG, van Kranenburg J, Ganzevles RA, 
Beelen M, Verdijk LB, et al. Casein protein processing strongly 
modulates post-prandial plasma amino acid responses in vivo in 
humans. Nutrients. 2020;12(8):2299.

 34. Nyakayiru J, van Lieshout GAA, Trommelen J, van Kranenburg J, 
Verdijk LB, Bragt MCE, et al. The glycation level of milk protein 
strongly modulates post-prandial lysine availability in humans. Br 
J Nutr. 2020;123(5):545–52.

 35. Trommelen J, Holwerda AM, Pinckaers PJM, van Loon LJC. 
Comprehensive assessment of post-prandial protein handling by 
the application of intrinsically labelled protein in vivo in human 
subjects. Proc Nutr Soc. 2021;80(2):221–9.

 36. Bergstrom J. Percutaneous needle biopsy of skeletal muscle in 
physiological and clinical research. Scand J Clin Lab Investig. 
1975;35(7):609–16.

 37. Pinckaers PJM, Kouw IWK, Hendriks FK, van Kranenburg JMX, 
de Groot L, Verdijk LB, et al. No differences in muscle protein 
synthesis rates following ingestion of wheat protein, milk pro-
tein, and their protein blend in healthy, young males. Br J Nutr. 
2021;126(12):1832–42.

 38. Lowry O, Passonneau JV. A flexible system of enzymatic analysis. 
New York: Academic Press; 1972. p. 151–6.

 39. Camera DM, West DW, Phillips SM, Rerecich T, Stellingwerff 
T, Hawley JA, et al. Protein ingestion increases myofibrillar pro-
tein synthesis after concurrent exercise. Med Sci Sports Exerc. 
2015;47(1):82–91.

 40. Knuiman P, van Loon LJC, Wouters J, Hopman M, Mensink M. 
Protein supplementation elicits greater gains in maximal oxygen 
uptake capacity and stimulates lean mass accretion during pro-
longed endurance training: a double-blind randomized controlled 
trial. Am J Clin Nutr. 2019;110(2):508–18.

 41. Ferguson-Stegall L, McCleave E, Ding Z, Doerner Iii PG, Liu Y, 
Wang B, et al. Aerobic exercise training adaptations are increased 
by postexercise carbohydrate-protein supplementation. J Nutr 
Metab. 2011;2011: 623182.

 42. Lin YN, Tseng TT, Knuiman P, Chan WP, Wu SH, Tsai CL, 
et al. Protein supplementation increases adaptations to endur-
ance training: a systematic review and meta-analysis. Clin Nutr. 
2021;40(5):3123–32.

 43. Jonvik KL, Paulussen KJM, Danen SL, Ceelen IJM, Horstman 
AM, Wardenaar FC, et al. Protein supplementation does not aug-
ment adaptations to endurance exercise training. Med Sci Sports 
Exerc. 2019;51(10):2041–9.

 44. Ormsbee MJ, Willingham BD, Marchant T, Binkley TL, Specker 
BL, Vukovich MD. Protein supplementation during a 6-month 
concurrent training program: effect on body composition and mus-
cular strength in sedentary individuals. Int J Sport Nutr Exerc 
Metab. 2018;28(6):619–28.

 45. Forbes SC, Bell GJ. Whey protein isolate supplementation while 
endurance training does not alter cycling performance or immune 
responses at rest or after exercise. Front Nutr. 2019;6:9.

 46. Gillen JB, Trommelen J, Wardenaar FC, Brinkmans NY, Verstee-
gen JJ, Jonvik KL, et al. Dietary protein intake and distribution 
patterns of well-trained Dutch athletes. Int J Sport Nutr Exerc 
Metab. 2017;27(2):105–14.


	Pre-sleep Protein Ingestion Increases Mitochondrial Protein Synthesis Rates During Overnight Recovery from Endurance Exercise: A Randomized Controlled Trial
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 
	Clinical Trial Registration 

	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Pretesting
	2.3 Diet and Physical Activity
	2.4 Test Beverages
	2.5 Experimental Protocol
	2.6 Exercise Protocol
	2.7 Plasma and Muscle Analyses
	2.8 Calculations
	2.9 Statistics

	3 Results
	3.1 Plasma Glucose and Insulin Levels
	3.2 Plasma Amino Acid Levels
	3.3 Plasma l-[ring-13C6] Enrichments
	3.4 Muscle Protein Synthesis Rates
	3.5 Muscle Fraction Purity
	3.6 Sleep, Hunger, and Energy Intake

	4 Discussion
	5 Conclusions
	Anchor 29
	References




