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ABSTRACT
Background: Protein ingestion increases skeletal muscle protein
synthesis rates during recovery from endurance exercise.
Objectives: We aimed to determine the effect of graded doses
of dietary protein co-ingested with carbohydrate on whole-body
protein metabolism, and skeletal muscle myofibrillar (MyoPS) and
mitochondrial (MitoPS) protein synthesis rates during recovery from
endurance exercise.
Methods: In a randomized, double-blind, parallel-group design,
48 healthy, young, endurance-trained men (mean ± SEM age:
27 ± 1 y) received a primed continuous infusion of l-[ring-2H5]-
phenylalanine, l-[ring-3,5-2H2]-tyrosine, and l-[1-13C]-leucine and
ingested 45 g carbohydrate with either 0 (0 g PRO), 15 (15 g PRO), 30
(30 g PRO), or 45 (45 g PRO) g intrinsically l-[1-13C]-phenylalanine
and l-[1-13C]-leucine labeled milk protein after endurance exercise.
Blood and muscle biopsy samples were collected over 360 min of
postexercise recovery to assess whole-body protein metabolism and
both MyoPS and MitoPS rates.
Results: Protein intake resulted in ∼70%–74% of the ingested
protein-derived phenylalanine appearing in the circulation. Whole-
body net protein balance increased dose-dependently after ingestion
of 0, 15, 30, or 45 g protein (mean ± SEM: −0.31± 0.16,
5.08 ± 0.21, 10.04 ± 0.30, and 13.49 ± 0.55 μmol phenylalanine
· kg−1 · h−1, respectively; P < 0.001). 30 g PRO stimulated a
∼46% increase in MyoPS rates (%/h) compared with 0 g PRO and
was sufficient to maximize MyoPS rates after endurance exercise.
MitoPS rates were not increased after protein ingestion; however,
incorporation of dietary protein–derived l-[1-13C]-phenylalanine
into de novo mitochondrial protein increased dose-dependently after
ingestion of 15, 30, and 45 g protein at 360 min postexercise
(0.018 ± 0.002, 0.034 ± 0.002, and 0.046 ± 0.003 mole percentage
excess, respectively; P < 0.001).
Conclusions: Protein ingested after endurance exercise is efficiently
digested and absorbed into the circulation. Whole-body net protein

balance and dietary protein–derived amino acid incorporation into
mitochondrial protein respond to increasing protein intake in a dose-
dependent manner. Ingestion of 30 g protein is sufficient to maximize
MyoPS rates during recovery from a single bout of endurance
exercise. This trial was registered at trialregister.nl as NTR5111.
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Introduction
Endurance exercise training is characterized by improvements

in muscle oxidative capacity, secondary to an increase in the size
and density of mitochondria, and accumulation of myosin heavy
chain I (1). A single bout of endurance exercise (e.g., cycling
or running) in the fasted state increases mixed muscle (MPS)
(2–5), myofibrillar (MyoPS) (6), and mitochondrial (MitoPS)
(6) protein synthesis rates. Endurance exercise also enhances
protein breakdown and stimulates a marked increase in amino
acid oxidation (7, 8). It is recognized that adequate carbohydrate
and protein intakes are important to replenish substrate stores
and provide amino acids as building blocks to support skeletal
muscle reconditioning after exercise (9). Protein ingestion during
recovery from resistance exercise further increases skeletal
muscle protein synthesis rates (10) and augments exercise-
induced increases in muscle mass and strength (11, 12). However,
less is known regarding the impact of protein ingestion on whole-
body protein metabolism and MyoPS and MitoPS rates during
recovery from endurance exercise. The majority of (13–17), but
not all (2, 18), studies to date examining the effect of protein
ingestion on MPS rates during recovery from an acute bout
of endurance exercise have found that protein intake results in
higher mixed MPS (15, 16) and MyoPS (13, 14, 17) rates than
does a nonprotein control treatment. Intravenously infused amino
acids (19, 20) and protein ingestion (21) stimulate increased
MitoPS rates at rest; however, protein ingestion does not appear to
enhance MitoPS rates during recovery from endurance exercise
(13, 14, 18) or combined endurance and resistance exercise (22–
24). The dose of ingested protein is a key factor determining
the magnitude of increase in whole-body net protein balance
(25) and MPS rates (26, 27) during recovery from resistance
exercise. For example, mixed MPS (26) and MyoPS (27) rates
are increased in a dose-dependent manner after protein ingestion
during recovery from resistance exercise in young men, and are
maximally stimulated with ∼20 g of a high-quality protein (26,
27). However, no study to date has determined the dose–response
relation between the amount of ingested protein and changes
in MyoPS and MitoPS rates during recovery from a bout of
endurance exercise.

The present study examined the effects of co-ingesting
0 (0 g PRO), 15 (15 g PRO), 30 (30 g PRO), and 45
g (45 g PRO) of milk protein with 45 g carbohydrate on
postprandial protein digestion and absorption kinetics, whole-
body protein metabolism (breakdown, synthesis, oxidation, and
net balance), MyoPS and MitoPS rates, and the utilization of
dietary protein–derived phenylalanine for de novo MyoPS and
MitoPS during recovery from a single bout of endurance exercise
in young, healthy, endurance-trained men. We hypothesized that
co-ingestion of protein with carbohydrate would result in greater
postexercise MyoPS rates than 0 g PRO, and that 30 g PRO
would maximally stimulate MyoPS rates during recovery from
endurance exercise. Further, we hypothesized that 45 g PRO
would best support postexercise increases in whole-body net
protein balance and be required to stimulate increased MitoPS
rates over 360 min of recovery from endurance exercise.

Methods

Participants
Forty-eight healthy, endurance-trained (cyclists and triath-

letes), young men (mean ± SEM age: 27 ± 1 y; height:

1.82 ± 0.01 m; weight: 74.9 ± 0.9 kg; V̇O2 peak: 58 ± 1 mL
· kg−1 · min−1) volunteered to participate in this parallel-group,
double-blind, randomized controlled trial. Supplemental Figure
1 presents the CONSORT flowchart. The trial was registered at
the Nederlands Trial Register (NTR5111) and conducted between
February 2016 and February 2017 at Maastricht University in
Maastricht, Netherlands. Table 1 presents the participants’
characteristics.

Ethics approval and consent to participate

This study was approved by the Medical Ethics Committee
of Maastricht University Medical Center+, Netherlands (METC
153010). The procedures followed were in accordance with the
ethical standards of the Medical Ethics Committee of Maastricht
University Medical Center+ on human experimentation and in
accordance with the Helsinki Declaration of 1975 as revised in
October 2013. Clinical Trial Center Maastricht independently
monitored the study. All participants were informed about
the purpose of the study, the experimental procedures, and
possible risks before providing written informed consent to
participate.

Preliminary testing

Participants aged 18–35 y with a BMI > 18.5 and <

30.0 underwent an initial screening session to assess height,
weight, blood pressure, and body composition (by DXA;
Discovery A, Hologic). Participants were deemed healthy
based on their responses to a medical questionnaire and
screening results. Subsequently, participants underwent su-
pervised testing of their peak oxygen consumption (V̇O2

peak; mL · kg−1 · min−1) and maximal workload capacity
(Wmax; W/kg) during an incremental test to volitional fatigue
on a cycle ergometer (Lode Excalibur Sport). Participants
began cycling at a workload equivalent to 100 W for 5
min, after which the workload was increased by 50 W
every 150 s until volitional fatigue was reached, defined as
the inability to maintain a cadence > 60 revolutions/min.
V̇O2 peak was defined as the median of the highest con-
secutive values over 30 s. All settings on the ergome-
ter were noted and replicated during the experimental test
day. The pretesting and experimental trials were separated
by ≥5 d.

Diet and physical activity

All participants refrained from strenuous physical activities
and alcohol consumption for 3 d before the experimental trial.
In addition, all participants were instructed to fill out food intake
and physical activity questionnaires for 3 d immediately before
the experimental trial. Dietary intake before the experimental
trial is shown in Table 2 and was analyzed using Mijn Eetmeter
(https://mijn.voedingscentrum.nl/nl/eetmeter/), online software
available from the Dutch Health Council. On the evening
before the experimental trial, all participants were provided with
a prepackaged standardized meal containing 55% energy as
carbohydrate, 30% energy as fat, and 15% energy as protein and
instructed to consume it no later than 20:00, after which they
remained fasted.
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TABLE 1 Characteristics of male study participants who ingested nutritional treatments consisting of carbohydrate only, or carbohydrate co-ingested with
15 g, 30 g, or 45 g milk protein during recovery from a single bout of endurance exercise1

Nutritional treatment group

Characteristic 0 g PRO 15 g PRO 30 g PRO 45 g PRO P

Age, y 27 ± 1 26 ± 1 26 ± 1 29 ± 1 0.28
Height, m 1.83 ± 0.02 1.82 ± 0.01 1.82 ± 0.01 1.80 ± 0.01 0.50
Weight, kg 74.5 ± 2.2 74.1 ± 1.6 73.6 ± 1.2 77.5 ± 1.6 0.37
BMI, kg/m2 22.4 ± 0.6 22.4 ± 0.4 22.3 ± 0.4 24.0 ± 0.5 0.04
Fat + bone-free mass, kg 59.9 ± 1.4 58.8 ± 1.3 58.2 ± 0.8 60.3 ± 1.2 0.64
% Fat 16.5 ± 1.0 17.6 ± 0.9 17.6 ± 0.6 19.5 ± 0.7 0.09
Resting heart rate, bpm 60 ± 2 59 ± 3 62 ± 4 59 ± 4 0.92
V̇O2 peak, mL · kg−1 · min−1 58 ± 2 59 ± 1 57 ± 1 57 ± 2 0.75
Wmax, W/kg 4.9 ± 0.1 5.0 ± 0.1 4.8 ± 0.1 4.8 ± 0.1 0.52

1Values are means ± SEMs. n = 12 per group. Data were analyzed using a 1-factor ANOVA. bpm, beats per minute; V̇O2 peak, peak oxygen
consumption; Wmax, maximal workload capacity; 0 g PRO, 45 g carbohydrate with 0 g protein; 15 g PRO, 45 g carbohydrate co-ingested with 15 g milk
protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g milk protein; 45 g PRO, 45 g carbohydrate co-ingested with 45 g milk protein.

Study design

Participants were randomly assigned to ingest a beverage
(590 mL) containing 45 g carbohydrate with 0 g protein, or 45
g carbohydrate with either 15, 30, or 45 g intrinsically l-[1-
13C]-phenylalanine and l-[1-13C]-leucine labeled milk protein
(described below). The carbohydrate powder was supplied by
PepsiCo Inc. and was composed of dextrose and maltodex-
trin. Table 3 shows details of the amino acid, protein, and
carbohydrate contents of the nutritional treatments. Random-
ization was performed using a computerized list randomizer
(http://www.randomization.com/), and participants were sequen-
tially allocated to a treatment according to the randomized list.
An independent person was responsible for random assignment
(n = 12 per group) and preparation of the study treatment
beverages, which were sequentially numbered according to
subject number. The beverages were prepared in nontransparent
plastic containers and had a similar taste and smell.

Production of intrinsically labeled milk protein

Intrinsically l-[1-13C]-phenylalanine and l-[1-13C]-leucine
labeled milk protein concentrate (MPC80) was extracted from
whole bovine milk obtained during the constant intravenous

infusion of l-[1-13C]-phenylalanine (455 μmol/min) and l-[1-
13C]-leucine (200 μmol/min) for 96 h into a lactating Holstein
cow. The milk was collected and processed into the MPC80
in a manner similar to what has been previously described
by our laboratory (28, 29). The l-[1-13C]-phenylalanine and
l-[1-13C]-leucine enrichments in MPC80 averaged 38.3 mole
percentage excess (MPE) and 10.8 MPE, respectively. The
protein met all chemical and bacteriological specifications for
human consumption.

Experimental protocol

At ∼07:45, participants arrived at the laboratory in the
overnight postabsorptive state. A catheter was inserted into
an antecubital vein for stable isotope amino acid infusion,
then a second catheter was subsequently inserted into a dorsal
hand vein on the contralateral arm for arterialized venous
blood sampling. To obtain arterialized blood samples, the
hand was placed in a hot box (60◦C) for 10 min before
blood sample collection (30). After taking a baseline blood
sample (t = −180 min), the plasma phenylalanine and leucine
pools were primed with a single intravenous dose (priming
dose) of l-[ring-2H5]-phenylalanine (2.25 μmol/kg), l-[ring-
3,5-2H2]-tyrosine (0.92 μmol/kg), and l-[1-13C]-leucine (5.99

TABLE 2 Average 3-d dietary intake of male study participants who ingested nutritional treatments consisting of carbohydrate only, or carbohydrate
co-ingested with 15 g, 30 g, or 45 g milk protein during recovery from a single bout of endurance exercise1

Nutritional treatment group

0 g PRO 15 g PRO 30 g PRO 45 g PRO P

Energy, kJ/d 11,310 ± 824 11,520 ± 979 10,867 ± 678 10,225 ± 717 0.77
Carbohydrate, g 340 ± 25 348 ± 33 314 ± 21 309 ± 21 0.63
Fat, g 94 ± 12 92 ± 11 97 ± 9 82 ± 8 0.77
Protein, g 100 ± 6 114 ± 10 103 ± 6 100 ± 9 0.62
Protein, g · kg−1 · d−1 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 0.33
Carbohydrate, % total energy 51 ± 2 50 ± 2 48 ± 2 51 ± 1 0.77
Fat, % total energy 30 ± 2 30 ± 2 33 ± 1 30 ± 1 0.58
Protein, % total energy 16 ± 1 17 ± 1 16 ± 1 16 ± 1 0.88

1Values are means ± SEMs. n = 12 per group. Data were analyzed using a 1-factor ANOVA. 0 g PRO, 45 g carbohydrate with 0 g protein; 15 g PRO,
45 g carbohydrate co-ingested with 15 g milk protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g milk protein; 45 g PRO, 45 g carbohydrate
co-ingested with 45 g milk protein.
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TABLE 3 Amino acid (l-form), protein, and carbohydrate contents of nutritional treatments consisting of
carbohydrate only, or carbohydrate co-ingested with 15 g, 30 g, or 45 g milk protein, ingested by male participants
during recovery from a single bout of endurance exercise1

Nutritional treatment group

0 g PRO 15 g PRO 30 g PRO 45 g PRO

Amino acid content
Alanine, g — 0.45 0.90 1.35
Arginine, g — 0.50 1.00 1.50
Aspartic acid, g — 0.92 1.84 2.76
Glutamic acid, g — 2.51 5.02 7.53
Glycine, g — 0.23 0.46 0.69
Histidine, g — 0.33 0.66 0.99
Isoleucine, g — 0.66 1.32 1.98
Leucine, g — 1.44 2.88 4.32
Lysine, g — 1.19 2.38 3.57
Methionine, g — 0.18 0.36 0.54
Phenylalanine, g — 0.63 1.26 1.89
Proline, g — 1.38 2.76 4.14
Serine, g — 0.70 1.40 2.10
Threonine, g — 0.57 1.14 1.71
Tyrosine, g — 0.78 1.56 2.34
Valine, g — 0.84 1.68 2.52
Totals

�NEAA, g — 7.47 14.94 22.41
�EAA, g — 5.84 11.68 17.52
�AA, g — 13.31 26.62 39.93
Protein, g — 15.00 30.00 45.00
Carbohydrate, g 45.00 45.00 45.00 45.00

1Total protein was calculated as nitrogen content × 6.25. Cysteine and tryptophan were not measured. 0 g PRO,
45 g carbohydrate with 0 g protein; 15 g PRO, 45 g carbohydrate co-ingested with 15 g milk protein; 30 g PRO, 45 g
carbohydrate co-ingested with 30 g milk protein; 45 g PRO, 45 g carbohydrate co-ingested with 45 g milk protein;
�AA, sum total amino acids; �EAA, sum total essential amino acids; �NEAA, sum total nonessential amino acids.

μmol/kg). After priming, a continuous intravenous infusion of
l-[ring-2H5]-phenylalanine (0.050 μmol · kg−1 · min−1), l-[ring-
3,5-2H2]-tyrosine (0.015 μmol · kg−1 · min−1), and l-[1-13C]-
leucine (0.10 μmol · kg−1 · min−1) was initiated and maintained
using a calibrated IVAC 598 pump. After resting in a supine
position for 60 min, a second arterialized blood sample was
drawn (t = −120 min). After resting for another 30 min,
participants initiated (t = −90 min) the endurance exercise
intervention (described below). A third blood sample was drawn
(t = −60 min) during exercise while participants were cycling.
Immediately after the exercise intervention (t = 0 min), an
arterialized blood sample was obtained, and a muscle biopsy
sample was collected from the vastus lateralis muscle of a
randomly selected leg. Subsequently, participants received a 590-
mL beverage corresponding to their randomly assigned treatment
allocation [i.e., 0 g PRO (n = 12), 15 g PRO (n = 12), 30
g PRO (n = 12), or 45 g PRO (n = 12)]. Arterialized blood
samples were then collected at t = 20, 40, 60, 90, 120, 150,
180, 240, 300, and 360 min in the postprandial period. Second
and third muscle biopsy samples were collected at t = 180 and
t = 360 min to determine postprandial MyoPS and MitoPS rates
at t = 0–180, 180–360, and 0–360 min. Blood samples were
collected into EDTA-containing tubes and centrifuged at 1000 ×
g for 15 min at 4◦C. Aliquots of plasma were frozen in liquid
nitrogen and stored at −80◦C. Biopsy samples were collected
using a 5-mm Bergström needle custom-adapted for manual
suction. Samples were obtained from separate incisions from the

middle region of the vastus lateralis, ∼15 cm above the patella
and ∼3 cm below entry through the fascia, under 1% xylocaine
local anesthesia with adrenaline (1:100,000). Muscle samples
were freed from any visible nonmuscle material, immediately
frozen in liquid nitrogen, and stored at −80◦C until further
processing. When the experimental protocol was complete,
cannulas were removed, and participants ate and were assessed
for ∼30 min before leaving the laboratory. For a schematic
representation of the primed continuous infusion protocol, see
Figure 1.

Endurance exercise protocol

Participants performed 90 min continuous endurance exercise
on a cycle ergometer at ∼60% of their previously determined
Wmax. Participants were allowed ad libitum access to water during
cycling. Visual feedback for pedal frequency (revolutions/min)
and elapsed time were provided to participants and strong verbal
encouragement was provided by 1 of the study investigators.

Plasma and muscle tissue analyses

The Supplemental Methods present details of the anal-
ysis relating to the determination of plasma glucose, in-
sulin, and amino acid concentrations as well as plasma
l-[ring-2H5]-phenylalanine, l-[ring-3,5-2H2]-tyrosine, l-[ring-
2H4]-tyrosine, l-[1-13C]-leucine, l-[1-13C]-phenylalanine, and

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article/112/2/303/5828186 by guest on 19 O

ctober 2020



Protein synthesis and endurance exercise 307

FIGURE 1 Schematic representation of the experimental design.

l-[1-13C]-tyrosine enrichments. A piece of wet muscle (∼100
mg) was homogenized on ice using a Teflon pestle in ice-
cold homogenization buffer (10 μL/mg; 67 mM sucrose, 50
mM Tris/HCl, 50 mM KCl, 10 mM EDTA) containing pro-
tease/phosphatase inhibitor cocktail tablets (Complete Protease
Inhibitor Mini-Tabs, Roche; and PhosSTOP, Roche Applied
Science). After ∼5–10 min of hand homogenization, the
homogenate was centrifuged at 700 × g for 15 min at 4◦C to
pellet a myofibrillar protein–enriched fraction. The supernatant
was transferred to another tube and centrifuged at 12,000 × g for
20 min at 4◦C to pellet a mitochondrial protein–enriched fraction.
The Supplemental Methods present additional details regarding
the preparation and analysis of skeletal muscle samples for
measurement of myofibrillar and mitochondrial protein-bound l-
[ring-2H5]-phenylalanine, l-[1-13C]-phenylalanine, and/or l-[1-
13C]-leucine enrichments.

Calculations

The Supplemental Methods present details of the calculations
used to assess whole-body amino acid (phenylalanine) kinetics
and skeletal muscle myofibrillar and mitochondrial protein
fractional synthesis rates (FSRs).

Outcome measures

The primary outcome measure was myofibrillar FSR based
on l-[1-13C]-leucine incorporation into myofibrillar protein over
the aggregate (i.e., 0–360 min) postprandial period. Whole-
body phenylalanine kinetics [exogenous rate of appearance
(Ra), endogenous Ra, total Ra, total rate of disappearance
(Rd)], whole-body protein metabolism (breakdown, synthesis,
oxidation, net balance), the time-course (i.e., 0–180 and 180–
360 min) of myofibrillar FSR based on l-[1-13C]-leucine, and
myofibrillar FSR based on l-[ring-2H5]-phenylalanine were
secondary outcomes. Mitochondrial FSR based on l-[1-13C]-
leucine, and both myofibrillar and mitochondrial l-[1-13C]-
phenylalanine enrichments (MPE) as a measure of de novo
protein synthesis were also secondary outcome measures.
Plasma glucose, insulin, and amino acid (leucine, phenylala-
nine, and tyrosine) concentrations; l-[1-13C]-leucine, l-[ring-
2H5]-phenylalanine, and l-[1-13C]-phenylalanine enrichments

(MPE); and bi-phase linear regression analysis of l-[1-13C]-
leucine-determined myofibrillar FSR (%/h) plotted against the
ingested protein dose normalized to body mass were tertiary
outcomes.

Statistical analysis

All data are expressed as means ± SEM except Figure 8, which
is expressed as mean and 95% CI. Participant characteristics
and average 3-d dietary intake data were analyzed using a
1-factor (treatment) ANOVA. Plasma glucose, insulin, and
amino acid (leucine, phenylalanine, and tyrosine) concentrations
were analyzed using a 2-factor (treatment × time) repeated-
measures ANOVA. Maximum leucine concentrations were
analyzed using a 1-factor (treatment) ANOVA. Whole-body
phenylalanine kinetics (exogenous Ra, endogenous Ra, total
Ra, total Rd) were analyzed by a 2-factor (treatment × time)
repeated-measures ANOVA. Dietary protein–derived plasma
phenylalanine availability calculated as a fraction of the total
amount of ingested phenylalanine was analyzed by a 1-factor
(treatment) ANOVA. Plasma enrichments were analyzed using a
2-factor (treatment × time) repeated-measures ANOVA. Whole-
body postprandial protein metabolism (breakdown, synthesis,
oxidation, and net balance) and myofibrillar and mitochondrial
FSRs during early and late recovery (i.e., 0–180 and 180–360
min) were analyzed using a 2-factor (treatment × time) repeated-
measures ANOVA. Aggregate whole-body protein metabolic
responses and myofibrillar and mitochondrial FSRs (i.e., 0–
360 min) were analyzed using a 1-factor (treatment) ANOVA.
To determine the dose–response relation, l-[1-13C]-leucine-
determined myofibrillar FSR (%/h) was plotted against the
ingested protein dose normalized to body mass and analyzed with
bi-phase linear regression. With the slope of the second portion of
the bi-phase linear regression constrained to 0, the mean (95% CI)
protein intake required to maximize postprandial MyoPS (over
0–360 min) was determined by breakpoint analysis. Myofibrillar
and mitochondrial l-[1-13C]-phenylalanine enrichments (MPE)
were analyzed using a 2-factor (treatment × time) repeated-
measures ANOVA. The t = 0 time point was included as a
repeated measure in the ANOVA models. A power calculation
was performed based on previous studies (26, 27, 31) with dif-
ferences in postprandial myofibrillar protein FSR as the primary
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outcome measure, using an SD of 0.0065%/h in all treatments and
a difference in FSR of 0.008%/h between treatments (or ∼20%
when expressed as the relative difference between treatments).
With a power of 80%, a significance level of 0.05, and accounting
for a dropout rate of 10% during testing, the final number
of participants to be included was calculated as n = 12 per
group. Assumptions of the statistical methods were assessed
using Levene’s test (for 1-factor ANOVA), Mauchley’s test, and
the D’Agostino–Pearson omnibus normality test at a significance
of P < 0.05. If a significant Levene’s test was determined,
Welch’s ANOVA was used. If a significant Mauchley’s test was
determined, the Greenhouse–Geisser correction factor was used
to adjust the df accordingly. For data that did not pass the
normality test, values were transformed with the ln or square
root of the value. The statistical analysis was performed on
transformed data, but nontransformed data are presented in
graphical or tabular form for clarity. Significant main effects
and interactions from ANOVA testing were further analyzed
using Tukey’s post hoc test to isolate specific differences
between means. Statistical analyses were performed with the
software packages IBM SPSS Statistics for Windows version
21.0 (IBM Corp.) and GraphPad Prism version 6 (GraphPad
Software). Means were considered to be significantly different for
P values < 0.05.

Results

Participants’ characteristics

There were no significant differences between treatment
groups for any of the participants’ characteristics (Table 1).
Results of the 1-factor (treatment) ANOVA for BMI were
significant at P = 0.04; however, none of the treatment groups
were significantly different (all comparisons showed P > 0.05)
based on Tukey’s post hoc analysis.

Dietary intake

There were no significant differences between treatment
groups for any of the dietary intake data (Table 2).

Plasma concentrations

Plasma glucose concentrations (Figure 2A) increased after
beverage intake (interaction: P < 0.001) and were higher in 0 g
PRO than in both 45 g PRO and 30 g PRO at 40–60 min after
beverage intake, respectively. Plasma glucose concentrations
were higher in 45 g PRO than in both 0 g PRO and 30 g PRO at
120–180 min after beverage intake and were also higher than in
15 g PRO at 180 min. Plasma insulin concentrations (Figure 2B)
increased after beverage intake (interaction: P < 0.001) and were
significantly higher in 30 g PRO than in 0 g PRO at 20–120 min
after beverage intake. Similarly, plasma insulin concentrations
in 45 g PRO were significantly higher than in 0 g PRO and 15
g PRO at 40–180 min and 60–120 min after beverage intake,
respectively. Plasma leucine concentrations (Figure 3A) rapidly
increased in response to the ingestion of protein-containing
beverages, displaying maximum concentrations of 221 ± 10,
359 ± 12, and 402 ± 16 μmol/L in 15 g PRO, 30 g PRO,
and 45 g PRO, respectively (45 g PRO > 30 g PRO > 15 g
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FIGURE 2 Plasma glucose (A) and insulin (B) concentrations during
postabsorptive conditions (t = 0 min) and during postprandial conditions
(t = 20–360 min) after beverage intake during recovery from a single bout of
endurance exercise in young men. Values represent means ± SEMs, n = 12
per group. Data for glucose and insulin were analyzed by a 2-factor repeated-
measures ANOVA. Tukey post hoc testing was used to detect differences
between groups. Labeled means within a time without a common letter differ,
P < 0.05. 0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g PRO,
45 g carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate
co-ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with
45 g protein.

PRO > 0 g PRO; P < 0.001). Plasma leucine concentrations
were significantly (interaction: P < 0.001) higher in 45 g PRO
than in 15 g PRO and 30 g PRO at 20–300 min and at 120–240
min after beverage intake, respectively. Similarly, plasma leucine
concentrations were significantly higher in 30 g PRO than in 15
g PRO at 20–180 min after beverage intake. Ingestion of protein-
containing beverages resulted in plasma leucine concentrations
that were significantly higher than 0 g PRO, with a less protracted
increase in plasma leucine concentrations in 15 g PRO (at 20–240
min) than in 30 g PRO and 45 g PRO (at 20–360 min). Plasma
phenylalanine concentrations (Figure 3B) rapidly increased in
response to the ingestion of protein-containing beverages and
were significantly (interaction: P < 0.001) higher in 45 g PRO
than in both 15 g PRO and 30 g PRO at 20–180 min and at 150–
240 min after beverage intake, respectively. Similarly, plasma
phenylalanine concentrations were significantly higher in 30 g
PRO than in 15 g PRO at 20–120 min after beverage intake.
Ingestion of protein-containing beverages resulted in plasma
phenylalanine concentrations that were significantly higher than

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article/112/2/303/5828186 by guest on 19 O

ctober 2020



Protein synthesis and endurance exercise 309

0 60 120 180 240 300 360

0

100

200

300

400

500

Time, min

Pl
as

m
a 

le
uc

in
e,

 μ
m

ol
/L 

0 g PRO
15 g PRO
30 g PRO
45 g PRO

A

Time: P<0.001
Treatment: P<0.001
Interaction: P<0.001

a

b
c

c

a

b

c

c

a

b

c

c

a a a a

b
b b b

c
c

c
c

c
d

d
d

a
b
b

c

a
ab
bc

c

a
ab
b

b

0 60 120 180 240 300 360

0

50

100

150

Time, min

Pl
as

m
a 

ph
en

yl
al

an
in

e,
 μ

m
ol

/L 

B
Time: P<0.001
Treatment: P<0.001
Interaction: P<0.001

a

bc
c

a

b

c
c

a

b
c

c

a a

b b
cc

c c

a
ab
b

c

a
aa

b
b

aba
ab

0 60 120 180 240 300 360

0

50

100

150

200

Time, min

Pl
as

m
a 

ty
ro

si
ne

, μ
m

ol
/L 

C
Time: P<0.001
Treatment: P<0.001
Interaction: P<0.001

a

b

c
c

c

c

a

b

a a a a a

b b
b b

b

c
c c

c
c

c
c

d
d

d

a

a
b

c

a a
ab ab
b b

c c

FIGURE 3 Plasma leucine (A), phenylalanine (B), and tyrosine (C)
concentrations during postabsorptive conditions (t = 0 min) and during
postprandial conditions (t = 20–360 min) after beverage intake during
recovery from a single bout of endurance exercise in young men. Values
represent means ± SEMs, n = 12 per group. Data for plasma leucine,
phenylalanine, and tyrosine were analyzed by a 2-factor repeated-measures
ANOVA. Tukey post hoc testing was used to detect differences between
groups. Labeled means within a time without a common letter differ, P < 0.05.
0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g PRO, 45 g
carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-
ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with 45
g protein.

0 g PRO, with a less protracted increase in 15 g PRO (at 20–
120 min) than in 30 g PRO (at 20–150 min) and 45 g PRO (at
20–180 min). Plasma tyrosine concentrations (Figure 3C) rapidly
increased in response to the ingestion of protein-containing
beverages and were significantly (interaction: P < 0.001) higher

in 45 g PRO than in both 15 g PRO and 30 g PRO at 20–360 min
and at 120–360 min after beverage intake, respectively. Similarly,
plasma tyrosine concentrations were significantly higher in 30
g PRO than in 15 g PRO at 20–240 min after beverage intake.
Ingestion of protein-containing beverages resulted in plasma
tyrosine concentrations that were significantly higher than 0 g
PRO, with a less protracted increase in 15 g PRO (at 20–180 min)
than in 30 g PRO and 45 g PRO (at 20–360 min).

Plasma stable isotope tracer enrichments

Plasma l-[1-13C]-leucine (Figure 4A) enrichments (MPE)
were increased after beverage intake and were significantly
(interaction: P < 0.001) higher in 45 g PRO than in both 0
g PRO and 15 g PRO at 20–360 min, and 30 g PRO at 150–
240 min. Similarly, plasma l-[1-13C]-leucine enrichments were
significantly higher in 30 g PRO than in both 0 g PRO and 15
g PRO at 20–180 min, respectively. Plasma l-[1-13C]-leucine
enrichments were also significantly higher in 15 g PRO than in
0 g PRO at 20–180 min after beverage intake. Plasma l-[ring-
2H5]-phenylalanine (Figure 4B) enrichments were reduced in
response to the ingestion of protein-containing beverages, being
significantly (interaction: P < 0.001) lower in 45 g PRO than
in 0 g PRO and 15 g PRO at 20–180 min and at 40–150 min
after beverage intake, respectively. Similarly, plasma l-[ring-
2H5]-phenylalanine enrichments were significantly lower in 30
g PRO than in 0 g PRO and 15 g PRO at 20–150 min and 20–
120 min after beverage intake, respectively. Plasma l-[ring-2H5]-
phenylalanine enrichments were significantly lower in 15 g PRO
than in 0 g PRO at 20–120 min after beverage intake. Plasma l-
[1-13C]-phenylalanine (Figure 4C) enrichments were increased
in response to the ingestion of protein-containing beverages and
were significantly (interaction: P < 0.001) higher in 45 g PRO
than in 0 g PRO and 15 g PRO at 20–360 min, and higher
than in 30 g PRO at 120–360 min. Similarly, plasma l-[1-13C]-
phenylalanine enrichments were significantly higher in 30 g PRO
than in 0 g PRO and 15 g PRO at 20–360 min. Plasma l-[1-13C]-
phenylalanine enrichments were significantly higher in 15 g PRO
than in 0 g PRO at 20–360 min after beverage intake.

Whole-body phenylalanine kinetics

Exogenous phenylalanine Ra (Figure 5A) rapidly increased
in a dose-dependent manner after the ingestion of protein-
containing beverages. Exogenous phenylalanine Ra were signif-
icantly (interaction: P < 0.001) higher in 45 g PRO than in 0
g PRO and 15 g PRO at 20–360 min, and were higher than in
30 g PRO at 120–360 min. Similarly, exogenous phenylalanine
Ra were significantly higher in 30 g PRO than in 0 g PRO
and 15 g PRO at 20–360 min and 20–180 min, respectively,
and higher in 15 g PRO than in 0 g PRO at 20–360 min
after beverage intake. Endogenous phenylalanine Ra (Figure 5B)
decreased after beverage intake (interaction: P < 0.001) and
were lower in 45 g PRO than in 0 g PRO at 120–300 min
after beverage intake. Endogenous phenylalanine Ra were also
reduced in 45 g PRO compared with 15 g PRO at 120–240
min. Similarly, endogenous phenylalanine Ra were significantly
reduced in 30 g PRO compared with 0 g PRO at 120–180
min after beverage intake. Total phenylalanine Ra (Figure 5C)
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FIGURE 4 Plasma l-[1-13C]-leucine (A), l-[ring-2H5]-phenylalanine
(B), and l-[1-13C]-phenylalanine (C) enrichments (MPE) during postabsorp-
tive conditions (t = 0 min) and during postprandial conditions (t = 20–360
min) after beverage intake during recovery from a single bout of endurance
exercise in young men. Values represent means ± SEMs, n = 12 per
group. Data for plasma l-[1-13C]-leucine, l-[ring-2H5]-phenylalanine, and
l-[1-13C]-phenylalanine enrichments were analyzed by a 2-factor repeated-
measures ANOVA. Tukey post hoc testing was used to detect differences
between groups. Labeled means within a time without a common letter differ,
P < 0.05. MPE, mole percentage excess; 0 g PRO, 45 g carbohydrate co-
ingested with 0 g protein; 15 g PRO, 45 g carbohydrate co-ingested with 15
g protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g protein; 45 g
PRO, 45 g carbohydrate co-ingested with 45 g protein.

increased after the ingestion of protein-containing beverages and
were significantly (interaction: P < 0.001) higher in 45 g PRO
than in 0 g PRO and 15 g PRO at 20–180 min and 40–180 min
after beverage intake, respectively. Similarly, total phenylalanine

Ra were significantly higher in 30 g PRO than in 0 g PRO
and 15 g PRO at 20–150 min and 20–120 min, respectively,
whereas 15 g PRO were higher than 0 g PRO at 20–120 min after
beverage intake. Total phenylalanine Rd (Figure 5D) increased
after the ingestion of protein-containing beverages and were
significantly (interaction: P < 0.001) higher in 45 g PRO than
in 0 g PRO at 20–180 min and in 15 g PRO at 40–180 min
into the postprandial period. Similarly, total phenylalanine Rd

were significantly higher in 30 g PRO than in 0 g PRO and 15
g PRO at 20–150 min and at 40–150 min after beverage intake,
respectively. Total phenylalanine Rd were also higher in 15 g PRO
than in 0 g PRO at 20–150 min after beverage intake. Dietary
protein–derived plasma phenylalanine availability calculated
over 360 min postexercise recovery averaged 74.2% ± 3.1%,
73.9% ± 1.2%, and 70.2% ± 1.5% in 15 g PRO, 30 g PRO, and
45 g PRO, respectively, and was not different between groups
(P = 0.33).

Whole-body protein metabolism

Figure 6A presents whole-body protein metabolism (break-
down, synthesis, oxidation, and net balance) assessed during
early (0–180 min) and late (180–360 min) postexercise recovery.
Whole-body protein breakdown rates were lower in 45 g PRO
than in 0 g PRO (treatment: P < 0.01). Whole-body protein
synthesis rates were higher in 15 g PRO, 30 g PRO, and 45 g PRO
than in 0 g PRO at 0–180 min but were not different between
treatment groups at 180–360 min (interaction: P < 0.001).
Whole-body protein oxidation rates were increased in response to
protein ingestion over 0–180 min but were not different between
treatment groups over 180–360 min of postexercise recovery
(interaction: P < 0.001). Whole-body net protein balance was
negative in 0 g PRO but was positive in response to the ingestion
of protein-containing treatments over both 0–180 min and 180–
360 min of postexercise recovery. The positive whole-body net
protein balance displayed a clear dose–response relation over 0–
180 min, with 45 g PRO > 30 g PRO > 15 g PRO (interaction:
P < 0.001). Figure 6B presents whole-body protein metabolism
assessed over the entire 0–360 min postexercise recovery period.
Whole-body protein breakdown rates were lower in 45 g PRO
than in 0 g PRO (P < 0.01). Whole-body protein synthesis rates
were higher in 30 g PRO and 45 g PRO than in 0 g PRO (all
P < 0.001). Whole-body protein oxidation rates were higher in
15 g PRO than in 0 g PRO (P = 0.021), and higher in 30 g
PRO and 45 g PRO than in both 0 g PRO (all P < 0.001) and
15 g PRO (all P < 0.01). Whole-body net protein balance was
negative in 0 g PRO but was positive in response to the ingestion
of protein-containing beverages. The positive whole-body net
protein balance displayed a clear dose–response relation, with
45 g PRO > 30 g PRO > 15 g PRO (all P < 0.001).

Myofibrillar FSRs, bi-phase linear regression and
breakpoint analysis, and protein-bound enrichments

Postprandial l-[1-13C]-leucine MyoPS rates, assessed during
early (0–180 min) and late (180–360 min) postexercise recovery
(Figure 7A), were significantly higher in 30 g PRO (P < 0.01)
and 45 g PRO (P < 0.001) than in 0 g PRO. Postprandial
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FIGURE 5 Whole-body phenylalanine kinetics. Exogenous Ra (A), endogenous Ra (B), total Ra (C), and total Rd (D) (μmol phenylalanine · kg−1 · min−1)
during postabsorptive conditions (t = 0 min) and during postprandial conditions (t = 20–360 min) after beverage intake during recovery from a single bout
of endurance exercise in young men. Values represent means ± SEMs, n = 12 per group. Data for exogenous Ra, endogenous Ra, total Ra, and total Rd were
analyzed by a 2-factor repeated-measures ANOVA. Tukey post hoc testing was used to detect differences between groups. Labeled means within a time without
a common letter differ, P < 0.05. Ra, rate of appearance; Rd, rate of disappearance; 0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g PRO, 45 g
carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with 45 g
protein.

l-[1-13C]-leucine MyoPS rates assessed over the entire 0–
360 min postexercise recovery period (Figure 7B) averaged
0.046 ± 0.004%/h in 0 g PRO, 0.054 ± 0.004%/h in 15 g PRO,
0.067 ± 0.003%/h in 30 g PRO, and 0.070 ± 0.004%/h in 45 g
PRO (P < 0.001). Post hoc analysis revealed that MyoPS rates
were higher in 30 g PRO (P < 0.01) and 45 g PRO (P < 0.001)
than in 0 g PRO but were not significantly different from each
other (P = 0.91). MyoPS rates were not higher in 15 g PRO
than in 0 g PRO (P = 0.42). Bi-phase linear regression model
characteristics (Figure 8) were as follows: mean (95% CI) slope
(%/h per g/kg): 0.05 (0.024, 0.077); breakpoint (g/kg): 0.49
(0.26, 0.72); goodness of fit (r2): 0.37; df: 45. Postprandial l-
[ring-2H5]-phenylalanine MyoPS rates, assessed during early (0–
180 min) and late (180–360 min) postexercise recovery (Figure
9A), were significantly higher in both 30 g PRO (P = 0.01)
and 45 g PRO (P = 0.001) than in 0 g PRO. Postprandial l-
[ring-2H5]-phenylalanine MyoPS rates assessed over the entire
0–360 min postexercise recovery period (Figure 9B) averaged
0.042 ± 0.003%/h in 0 g PRO, 0.046 ± 0.002%/h in 15 g
PRO, 0.052 ± 0.003%/h in 30 g PRO, and 0.054 ± 0.002%/h
in 45 g PRO (P < 0.01). Post hoc analysis revealed that MyoPS
rates were higher in 30 g PRO (P < 0.05) and 45 g PRO
(P < 0.01) than in 0 g PRO but were not different from each

other (P = 0.91). MyoPS rates were not higher in 15 g PRO than
in 0 g PRO (P = 0.63). The incorporation of dietary protein–
derived amino acids (l-[1-13C]-phenylalanine enrichments) into
de novo myofibrillar protein was 0.000 ± 0.001 MPE in 0 g
PRO, 0.011 ± 0.002 MPE in 15 g PRO, 0.025 ± 0.002 MPE
in 30 g PRO, and 0.027 ± 0.002 MPE in 45 g PRO during 0–
180 min after beverage intake. During 0–360 min after beverage
intake, the incorporation of l-[1-13C]-phenylalanine into de novo
myofibrillar protein was 0.001 ± 0.001 MPE in 0 g PRO,
0.013 ± 0.002 MPE in 15 g PRO, 0.032 ± 0.002 MPE in 30
g PRO, and 0.042 ± 0.002 MPE in 45 g PRO (interaction:
P < 0.001) (Figure 10). Post hoc analysis revealed that l-[1-
13C]-phenylalanine myofibrillar protein-bound enrichments were
higher in 15 g PRO (P = 0.001), 30 g PRO (P < 0.001),
and 45 g PRO (P < 0.001) than in 0 g PRO over both 0–
180 min and 0–360 min (all P < 0.001) after beverage intake.
Similarly, l-[1-13C]-phenylalanine myofibrillar protein-bound
enrichments were higher in 30 g PRO and 45 g PRO than in
15 g PRO over both 0–180 min (all P < 0.001) and 0–360 min
(all P < 0.001) after beverage intake. l-[1-13C]-phenylalanine
myofibrillar protein-bound enrichments were higher in 45 g PRO
than in 30 g PRO over 0–360 min (P < 0.01) after beverage
intake.
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FIGURE 6 Whole-body protein metabolism (B, S, O, and NB; μmol
phenylalanine · kg−1 · h−1) over 0–180 and 180–360 min (A) and over 0–
360 min (B) after beverage intake during recovery from a single bout of
endurance exercise in young men. Values represent means ± SEMs, n = 12
per group. (A) Time-course data were analyzed by a 2-factor repeated-
measures ANOVA. (B) Aggregate data were analyzed by a 1-factor ANOVA.
Tukey post hoc testing was used to detect differences between groups. Within
each outcome measure, labeled means within a time without a common letter
differ, P < 0.05. B, breakdown; NB, net balance; O, oxidation; S, synthesis;
0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g PRO, 45 g
carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-
ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with 45
g protein.

Mitochondrial FSRs and protein-bound enrichments

Postprandial l-[1-13C]-leucine MitoPS rates, assessed during
early (0–180 min) and late (180–360 min) postexercise recovery
(Figure 11A), did not differ between groups (P = 0.11).
Similarly, MitoPS rates over the entire 360-min postexercise
recovery period (Figure 11B) did not differ between groups
(P = 0.09). Postprandial l-[ring-2H5]-phenylalanine MitoPS
rates were not analyzed because all of the available mitochondrial
sample was utilized to measure mitochondrial protein-bound l-
[1-13C]-leucine and l-[1-13C]-phenylalanine enrichments. The
incorporation of dietary protein–derived amino acids (l-[1-13C]-
phenylalanine enrichments) into de novo mitochondrial protein
was 0.001 ± 0.002 MPE in 0 g PRO, 0.013 ± 0.002 MPE in 15
g PRO, 0.024 ± 0.003 MPE in 30 g PRO, and 0.029 ± 0.003
MPE in 45 g PRO over 0–180 min, and 0.002 ± 0.002 MPE in 0
g PRO, 0.018 ± 0.002 MPE in 15 g PRO, 0.034 ± 0.002 MPE in
30 g PRO, and 0.046 ± 0.003 MPE in 45 g PRO over 0–360 min
after beverage intake (interaction: P = 0.001) (Figure 12). Post
hoc analysis revealed that l-[1-13C]-phenylalanine mitochondrial
protein-bound enrichments were higher in 15 g PRO (P = 0.02),
30 g PRO (P < 0.001), and 45 g PRO (P < 0.001) than in 0 g PRO
over 0–180 min after beverage intake. l-[1-13C]-phenylalanine

mitochondrial protein-bound enrichments were also higher in
15 g PRO, 30 g PRO, and 45 g PRO than in 0 g PRO over
0–360 min after beverage intake (all P < 0.001). Similarly, l-
[1-13C]-phenylalanine mitochondrial protein-bound enrichments
were higher in 30 g PRO ( P = 0.01) and 45 g PRO ( P < 0.001)
than in 15 g PRO over 0–180 min and 0–360 min after beverage
intake, respectively (all P < 0.001). l -[1- 13 C]-phenylalanine
mitochondrial protein-bound enrichments were higher in 45 g
PRO than in 30 g PRO over 0–360 min ( P < 0.01) after beverage
intake.

Discussion
In the present study, we assessed postprandial protein diges-

tion and amino acid absorption kinetics, whole-body protein
metabolism, and both MyoPS and MitoPS rates after co-
ingestion of different quantities of milk protein (0, 15, 30,
or 45 g) with carbohydrate (45 g) after a bout of endurance
exercise in endurance-trained young men. Protein co-ingested
with carbohydrate was efficiently digested and absorbed, with
∼70%–74% of protein-derived phenylalanine appearing in the
circulation over 360 min of postexercise recovery. Whole-body
net protein balance was positive only after protein co-ingestion,
and greatest after ingestion of 45 g protein. Alternatively, MyoPS
rates over 360 min of postexercise recovery were maximally
stimulated after ingestion of 30 g protein (or a mean of 0.49 g
protein/kg). Protein co-ingestion did not result in higher MitoPS
rates but ingesting greater amounts of protein allowed more
dietary protein–derived phenylalanine to be directed toward de
novo MyoPS and MitoPS.

This study is the first to our knowledge to assess dietary
protein digestion and amino acid absorption after the ingestion
of different quantities of protein during recovery from endurance
exercise. Protein co-ingestion resulted in a rapid increase in
plasma amino acid concentrations (Figure 3A–C) and l-[1-13C]-
phenylalanine enrichments (Figure 4C), demonstrating rapid
protein digestion and absorption of dietary protein–derived
phenylalanine. An estimated 11.1 ± 0.5 g, 22.2 ± 0.4 g, and
31.6 ± 0.7 g protein-derived amino acids became available in the
circulation over 360 min after the ingestion of 15, 30, and 45 g
protein. Altogether, our data demonstrate that ingestion of greater
quantities of protein results in greater exogenous plasma amino
acid availability and higher peak leucine concentrations during
recovery from endurance exercise, both of which are important in
the regulation of whole-body and muscle protein synthesis rates
with feeding.

In the present study, whole-body net protein balance during
postexercise recovery was negative in 0 g PRO but positive
after protein co-ingestion (Figure 6A, B). These results are
congruent with studies demonstrating that protein intake during
and/or after endurance exercise leads to a positive whole-body
net protein balance during postexercise recovery (8, 15, 32, 33).
Our results also demonstrate the presence of a dose–response
relation between protein ingestion and whole-body net protein
balance during recovery from endurance exercise. This finding
aligns with previous work demonstrating that whole-body net
protein balance increases more when greater amounts of protein
are ingested either at rest (31, 34, 35) or after resistance exercise
(25, 35). The amount of protein required to maximize whole-body
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FIGURE 7 l-[1-13C]-leucine-determined myofibrillar FSR over 0–180 and 180–360 min (A) and over 0–360 min (B) after beverage intake during recovery
from a single bout of endurance exercise in young men. Values represent means ± SEMs, n = 12 per group. (A) Time-course data were analyzed by a 2-factor
repeated-measures ANOVA. (B) Aggregate data were analyzed by a 1-factor ANOVA. Tukey post hoc testing was used to detect differences between groups.
Labeled means without a common letter differ, P < 0.05. FSR, fractional synthesis rate; 0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g PRO,
45 g carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with
45 g protein.

net protein balance during recovery from endurance exercise is
unclear. Mazzulla et al. (33) reported that whole-body net protein
balance reached a plateau in response to increasing protein
intakes and may be maximized in response to ∼0.15 g protein
· kg−1 · h−1 in young men after exercise. In the present study,
subjects in 45 g PRO received ∼0.58 g protein/kg or ∼0.097
g protein · kg−1 · h−1 over 360 min of postexercise recovery.
Although this amount is below the ∼0.15 g protein · kg−1 ·
h−1 that may maximize whole-body net protein balance during
recovery from endurance exercise, any increase in whole-body
net protein balance that may have been achieved by ingesting
greater quantities of dietary protein would likely be attributed
to an enhanced retention of dietary protein–derived amino acids
within nonmuscle (e.g., splanchnic) tissue (36). Because skeletal
muscle accounts for only 25%–30% of whole-body protein
turnover (37), changes in protein metabolism at the whole-body
level are not necessarily reflective of the skeletal muscle protein
synthesis or proteolytic response to feeding.
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FIGURE 8 l-[1-13C]-leucine-determined myofibrillar FSR over 0–360
min after beverage intake during recovery from a single bout of endurance
exercise in young men plotted against the ingested protein dose normalized to
body mass. Values represent individual participant data, mean, and 95% CI,
n = 48. Data were analyzed by bi-phase linear regression to determine the
mean (95% CI) protein intake to maximize postprandial myofibrillar protein
synthesis as determined by breakpoint analysis. FSR, fractional synthesis rate.

We combined the ingestion of l-[1-13C]-leucine-labeled milk
protein with a continuous intravenous infusion of l-[1-13C]-
leucine to assess both MyoPS and MitoPS rates during recovery
from endurance exercise (Figures 7, 11A, B). In agreement with
previous studies (8, 13–17), protein intake enhanced MyoPS
rates during recovery from endurance exercise when compared
with 0 g PRO. In the present study, 15 g PRO resulted in l-
[1-13C]-leucine MyoPS rates that were ∼17% higher than 0 g
PRO over 360 min of recovery. However, 30 g PRO and 45 g
PRO resulted in MyoPS rates that were ∼46% and ∼52% greater
than 0 g PRO, respectively. Whereas studies conducted within the
context of resistance exercise demonstrate that mixed MPS (26)
and MyoPS (27) rates are maximized after the ingestion of 20 g
protein in young men, our data suggest that 30 g is sufficient to
maximize MyoPS rates after endurance exercise in young men.
The mean relative protein requirement to maximally stimulate
MyoPS rates (Figure 8) during recovery from endurance exercise
in the current study (∼0.49 g protein/kg) also appears greater than
that recently reported for resistance exercise (∼0.31 g protein/kg)
(38). The reason for the potentially greater protein requirement
after endurance exercise is unclear but may relate to the need to
remodel both muscle and splanchnic proteins owing to increased
protein breakdown (39), and to replace exercise-induced amino
acid losses incurred via direct oxidation (7, 40) and/or hepatic
gluconeogenesis (41).

In the present study, protein co-ingestion did not result in
greater MitoPS rates than 0 g PRO (Figure 11A, B). MitoPS rates
increase in response to intravenous infusion of amino acids (19,
20), and the ingestion of larger (i.e., 36 g) (21), but not smaller
(i.e., 18 g) (18) doses of protein at rest. Our finding that protein
co-ingestion did not result in greater MitoPS rates than 0 g PRO
aligns with previous studies that reported no further increase in
MitoPS rates after protein intake compared with a nonprotein
control during recovery from endurance exercise (13, 14) or
combined endurance and resistance exercise (22–24). Studies to
date examining the impact of protein ingestion on MitoPS rates
after an acute bout of endurance exercise or combined endurance
and resistance exercise have provided protein doses < 30 g (13,
14, 18, 22–24). Our results show that even relatively large doses
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FIGURE 9 l-[ring-2H5]-phenylalanine-determined myofibrillar FSR over 0–180 and 180–360 min (A) and over 0–360 min (B) after beverage intake during
recovery from a single bout of endurance exercise in young men. Values represent means ± SEMs, n = 12 per group. (A) Time-course data were analyzed by a
2-factor repeated-measures ANOVA. (B) Aggregate data were analyzed by a 1-factor ANOVA. Tukey post hoc testing was used to detect differences between
groups. Labeled means without a common letter differ, P < 0.05. FSR, fractional synthesis rate; 0 g PRO, 45 g carbohydrate co-ingested with 0 g protein; 15 g
PRO, 45 g carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g protein; 45 g PRO, 45 g carbohydrate co-ingested
with 45 g protein.

of protein (45 g or ∼0.58 g protein/kg) do not increase MitoPS
rates more than the ingestion of carbohydrate only during the first
few hours of recovery from a single bout of endurance exercise.

Participants in our study ingested protein intrinsically la-
belled with l-[1-13C]-phenylalanine at a very high enrichment
(∼38 MPE), allowing us to directly assess the metabolic
fate of ingested protein-derived phenylalanine. Previous studies
from our laboratory (25, 42, 43) have shown that l-[1-13C]-
phenylalanine from ingested protein is used for de novo MyoPS
during recovery from resistance exercise. In the present study,
l-[1-13C]-phenylalanine from the ingested protein was used
for de novo MyoPS during recovery from endurance exercise
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FIGURE 10 Change in l-[1-13C]-phenylalanine enrichment (MPE) in
myofibrillar protein over 0–180 and 0–360 min after beverage intake during
recovery from a single bout of endurance exercise in young men. Values
represent means ± SEMs, n = 12 per group. Data were analyzed by a
2-factor repeated-measures ANOVA. Tukey post hoc testing was used to
detect differences between groups. Labeled means within a time without a
common letter differ, P < 0.05. MPE, mole percentage excess; 0 g PRO, 45
g carbohydrate co-ingested with 0 g protein; 15 g PRO, 45 g carbohydrate
co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with
30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with 45 g protein.

(Figure 10). Furthermore, there was a dose-dependent increase
in dietary protein–derived l-[1-13C]-phenylalanine incorporation
into myofibrillar protein over 0–360 min after exercise. The
present data are the first, as far as we know, to evaluate whether
ingested protein is used for de novo MitoPS during recovery
from exercise. Our data show that l-[1-13C]-phenylalanine from
ingested protein is used for de novo MitoPS during recovery
from endurance exercise, and that ingestion of greater amounts
of protein results in a greater increase in dietary protein–derived
l-[1-13C]-phenylalanine incorporation into mitochondrial protein
(Figure 12). Therefore, amino acids from ingested protein
contribute to mitochondrial protein remodeling after endurance
exercise.

The present study evaluated the dose–response relation of
MyoPS and MitoPS during recovery from a bout of endurance
exercise after the ingestion of nutritional treatments differing
in energy and protein content by participants in the overnight
postabsorptive state. Differences in the energy content of the
nutritional treatments would not be expected to influence the
stimulation of postprandial MyoPS rates because previous studies
have shown that co-ingesting additional energy with isolated
protein does not further increase postprandial MPS rates when
compared with the ingestion of protein or amino acids only (44–
46). Although providing protein after exercise performed in the
overnight postabsorptive state allowed us to isolate the effects
of our nutritional treatments on whole-body and skeletal muscle
protein metabolic responses, individuals typically undertake
exercise in the fed state and may ingest carbohydrate and/or
protein during exercise. Given that there appears to be little
difference in the dose–response relation between ingested protein
and MPS during recovery from resistance exercise in young men
examined in the overnight postabsorptive state (26) or ∼3 h after a
mixed-macronutrient energy-rich breakfast (27), our results may
also translate to individuals who undertake exercise in the fed
state. An additional consideration is whether the current results,
obtained utilizing milk protein, may also translate to the use
of other high-quality dietary proteins. Given the results of our
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FIGURE 11 l-[1-13C]-leucine-determined mitochondrial FSR over 0–180 and 180–360 min (A) and over 0–360 min (B) after beverage intake during
recovery from a single bout of endurance exercise in young men. Values represent means ± SEMs, n = 12 per group. (A) Time-course data were analyzed by
a 2-factor repeated-measures ANOVA. (B) Aggregate data were analyzed by a 1-factor ANOVA. FSR, fractional synthesis rate; 0 g PRO, 45 g carbohydrate
co-ingested with 0 g protein; 15 g PRO, 45 g carbohydrate co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with 30 g protein; 45 g
PRO, 45 g carbohydrate co-ingested with 45 g protein.

recent work demonstrating no differences in postprandial MyoPS
or MitoPS rates between the ingestion of milk protein, whey,
and micellar casein (24), or whey, soy, and leucine-enriched soy
protein (23) with carbohydrate during recovery from concurrent
exercise, the current findings may extend to the use of other
high-quality proteins in isolated or whole-food form. Finally,
the current study included only men as research participants
and involved testing of multiple outcomes. Because there is
evidence for sex-based differences in protein metabolism within
the context of endurance exercise (40, 47, 48), additional research
is necessary to determine whether the current findings apply to
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FIGURE 12 Change in l-[1-13C]-phenylalanine enrichment (MPE) in
mitochondrial protein over 0–180 and 0–360 min after beverage intake during
recovery from a single bout of endurance exercise in young men. Values
represent means ± SEMs, n = 12 per group. Data were analyzed by a
2-factor repeated-measures ANOVA. Tukey post hoc testing was used to
detect differences between groups. Labeled means within a time without a
common letter differ, P < 0.05. MPE, mole percentage excess; 0 g PRO, 45
g carbohydrate co-ingested with 0 g protein; 15 g PRO, 45 g carbohydrate
co-ingested with 15 g protein; 30 g PRO, 45 g carbohydrate co-ingested with
30 g protein; 45 g PRO, 45 g carbohydrate co-ingested with 45 g protein.

endurance-trained women. The testing of multiple outcomes may
have increased the risk of type I statistical errors.

In conclusion, dietary protein ingested after endurance ex-
ercise is efficiently digested and absorbed, with ∼70%–74%
of the ingested protein-derived phenylalanine appearing in the
circulation over 360 min of postexercise recovery. Whole-
body net protein balance and dietary protein–derived amino
acid incorporation into myofibrillar and mitochondrial protein
respond to increasing protein intake in a dose-dependent manner.
Whereas protein co-ingestion did not result in greater MitoPS
rates than carbohydrate only, ingestion of 30 g of a high-
quality protein (or a mean of ∼0.49 g protein/kg) is sufficient
to maximize MyoPS rates after endurance exercise in young,
endurance-trained men.
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