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Protein ingestion and exercise stimulate myofibrillar protein synthesis rates. When combined, exercise further increases the
postprandial rise in myofibrillar protein synthesis rates. It remains unclear whether protein ingestion with or without exercise also
stimulates muscle connective tissue protein synthesis rates. The authors assessed the impact of presleep protein ingestion on
overnight muscle connective tissue protein synthesis rates at rest and during recovery from resistance-type exercise in older men.
Thirty-six healthy, older men were randomly assigned to ingest 40 g intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine-
labeled casein protein (PRO, n = 12) or a nonprotein placebo (PLA, n = 12) before going to sleep. A third group performed a
single bout of resistance-type exercise in the evening before ingesting 40 g intrinsically-labeled casein protein prior to sleep
(EX+PRO, n = 12). Continuous intravenous infusions of L-[ring-2H5]-phenylalanine and L-[1-13C]-leucine were applied with
blood and muscle tissue samples collected throughout overnight sleep. Presleep protein ingestion did not increase muscle
connective tissue protein synthesis rates (0.049 ± 0.013 vs. 0.060 ± 0.024%/hr in PLA and PRO, respectively; p = .73). Exercise
plus protein ingestion resulted in greater overnight muscle connective tissue protein synthesis rates (0.095 ± 0.022%/hr) when
compared with PLA and PRO (p < .01). Exercise increased the incorporation of dietary protein-derived amino acids into muscle
connective tissue protein (0.036 ± 0.013 vs. 0.054 ± 0.009 mole percent excess in PRO vs. EX+PRO, respectively; p < .01). In
conclusion, resistance-type exercise plus presleep protein ingestion increases overnight muscle connective tissue protein
synthesis rates in older men. Exercise enhances the utilization of dietary protein-derived amino acids as precursors for de novo
muscle connective tissue protein synthesis during overnight sleep.

Keywords: aging, collagen, injury

The age-related decline in skeletal muscle mass and strength,
termed sarcopenia, results in impairments in functional capacity
(Baumgartner et al., 1998; Mitchell et al., 2012). Aging is associated
with the maladaptation of muscle collagenous tissue (i.e., connective
tissue), which transfers force from contractingmuscle tissue to tendons
and bones (Alnaqeeb et al., 1984; Babraj et al., 2005; Haus et al., 2007;
Ramaswamy et al., 2011). Poor-quality muscle connective tissue
impairs lateral force transmission (Ramaswamy et al., 2011; Zhang
& Gao, 2014) and increases muscle stiffness (Wood et al., 2014),
which contribute to the age-related decline in muscle strength and
functional capacity (Azizi et al., 2017; Kragstrup et al., 2011).

Skeletal muscle tissue (mal)adaptation is regulated by the net
balance between muscle protein synthesis and breakdown rates,

with a tissue turnover rate of 1–2% per day (Koopman & van Loon,
2009). Food ingestion and physical activity are two major stimuli
that increase muscle protein synthesis rates (Trommelen et al.,
2019). Protein ingestion increases plasma essential amino acid
(leucine) availability, which increases muscle protein synthesis
rates (Volpi et al., 2003). Resistance-type exercise increases muscle
protein synthesis rates and sensitizes skeletal muscle tissue to the
anabolic properties of protein ingestion (Pennings et al., 2011b).

The impact of food ingestion and physical activity on muscle
connective tissue protein synthesis rates has not yet been fully
elucidated, especially in the older population. Exercise increases
muscle connective tissue protein synthesis rates in both younger
and older individuals (Cuthbertson et al., 2006; Dideriksen et al.,
2016; Holm et al., 2010; Mikkelsen et al., 2015; Moore et al., 2005;
Trommelen et al., 2020). However, nearly all of the existing studies
have shown no impact of protein ingestion on muscle connective
tissue protein synthesis rates at rest or during postexercise recovery
(Babraj et al., 2005; Dideriksen et al., 2016, 2011; Holm et al.,
2010; Mikkelsen et al., 2015). The absence of a detectable impact
of protein ingestion on muscle connective tissue protein synthesis
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rates at rest or during postexercise recovery may be related to the
duration of the postprandial assessment periods in the previous
studies. Notably, Holm et al. (2017) recently demonstrated that the
ingestion of ∼18 g whey protein further increased postexercise
muscle connective tissue protein synthesis rates when compared
with the ingestion of carbohydrate during the late postprandial
period (i.e., between 3 and 5 hr after protein ingestion). These
findings suggest that protein ingestion may have a delayed impact
(>3 hr) on stimulating muscle connective tissue protein synthesis
rates at rest and during postexercise recovery. Our research
group has demonstrated that presleep casein protein ingestion
and resistance-type exercise increase myofibrillar protein synthesis
during overnight sleep in both younger and older individuals
(Holwerda et al., 2016; Kouw et al., 2017; Snijders et al., 2019;
Trommelen et al., 2016, 2018). Therefore, overnight sleep repre-
sents a more prolonged postprandial period (∼8 hr), which may
be better suited to evaluate the (potentially delayed) impact of
protein ingestion on muscle connective tissue protein synthesis
rates.

Casein is rich in leucine and is slowly digested (Pennings
et al., 2011a). Therefore, casein may be a preferred protein source
to stimulate connective tissue protein synthesis during overnight
sleep (Holwerda et al., 2016; Kouw et al., 2017; Snijders et al.,
2019; Trommelen et al., 2016, 2018). We have recently shown
that presleep ingestion of 30 g casein does not stimulate overnight
connective tissue protein synthesis rates during postexercise
recovery in young men. Here, we hypothesized that a larger,
40 g dose of casein ingested before sleep may increase muscle
connective tissue protein synthesis rates at rest and that dietary
protein-derived amino acids may be utilized as precursors for de
novo muscle connective tissue protein synthesis during overnight
sleep in healthy, older men. Furthermore, we hypothesized that
a bout of resistance-type exercise combined with 40 g casein
protein ingestion would further increase overnight muscle con-
nective tissue protein synthesis rates and the utilization of dietary
protein-derived amino acids for de novo muscle connective tissue
protein synthesis.

Methods

Subjects

A total of 36 healthy, normoglycemic, older men (70 ± 5 years)
were selected to participate in the present study. Subjects’ char-
acteristics are presented in Table 1. Subjects were randomly
assigned to ingest 40 g intrinsically L-[1-13C]-phenylalanine and
L-[1-13C]-leucine-labeled casein protein (PRO and EX+PRO, both
n = 12) or a nonprotein placebo (PLA, n = 12) before going to
sleep. One group performed a single bout of resistance-type
exercise earlier that evening prior to ingesting the 40 g intrinsi-
cally-labeled protein (EX+PRO, n = 12). All subjects were
informed of the nature and possible risks of the experimental
procedures before their written informed consent was obtained.
Randomization was computer generated, and all procedures and
analysis were performed in a double-blind manner. The trial was
conducted between April 2013 and October 2013 at Maastricht
University Medical Centre, Maastricht, The Netherlands. This
study is part of a greater project investigating the impact of exercise
and presleep protein ingestion on overnight muscle protein syn-
thesis, parts of which have already been published (Holwerda et al.,
2016; Kouw et al., 2017). Muscle connective tissue protein analy-
ses could only be conducted in n = 10 for PLA, n = 7 for PRO, and
n = 9 for EX+PRO treatments due to an insufficient amount of
muscle tissue left. The study was approved by the Medical Ethical
Committee of the Maastricht University Medical Centre, The
Netherlands, and conformed to standards for the use of human
subjects in research as outlined in the most recent version of the
Helsinki Declaration. The study was registered at Netherlands Trial
Register as NTR3885.

Pretesting

Participants arrived at the laboratory at 8:30 a.m. by car or public
transport in an overnight fasted state. Upon arrival, body weight,
body composition, and bone mineral content were measured with

Table 1 Subjects’ Characteristics

Variable PLA (n= 10) PRO (n= 7) EX+PRO (n= 9) p value

Age (years) 71 ± 6 69 ± 4 70 ± 5 .63

Total body mass (kg) 74.7 ± 9.6 78.4 ± 8.6 81.4 ± 5.8 .22

Total lean mass (kg) 57.8 ± 7.6 60.3 ± 5.5 61.4 ± 5.5 .46

Appendicular lean mass (kg) 25.1 ± 3.8 25.9 ± 2.8 26.5 ± 3.0 .66

Body fat (%) 19.3 ± 2.1 20.0 ± 3.2 21.8 ± 4.5 .27

Height (m) 1.77 ± 0.09 1.77 ± 0.07 1.75 ± 0.05 .86

BMI (kg/m2) 23.8 ± 1.6 24.9 ± 2.2 26.5 ± 2.3* .03

Systolic BP (mmHg) 153 ± 13 140 ± 18 148 ± 13 .25

Diastolic BP (mmHg) 76 ± 10 78 ± 9 74 ± 6 .76

Resting HR (bpm) 57 ± 7 61 ± 7 60 ± 11 .74

HbA1c (%) 5.5 ± 0.5 5.3 ± 0.6 5.4 ± 0.3 .66

Fasted glucose (mmol/L) 5.1 ± 0.6 5.3 ± 0.6 6.0 ± 1.1 .08

1RM—leg press (kg) — — 165 ± 26 —

1RM—leg extension (kg) — — 75 ± 17 —

Note. Values are presented as mean ± SD. n = 10 for placebo ingestion prior to sleep (PLA), n = 7 for 40 g casein ingestion prior to overnight sleep (PRO), and n = 9 for 40 g
casein ingestion prior to overnight sleep with resistance-type exercise performed earlier in the evening (EX+PRO). Data were analyzed using a one-way ANOVA.
1RM = one-repetition maximum; BMI = body mass index; bpm = beats per minute; HbA1c = glycated hemoglobin; ANOVA = analysis of variance; BP = blood pressure;
HR = heart rate.
*Significantly different (p < .05) from PLA.
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DEXA (dual-energy X-ray absorptiometry, Discovery A; Hologic,
Bedford, MA). Thereafter, all participants performed an oral
glucose tolerance test. Plasma glucose and insulin concentrations
were measured to determine oral glucose intolerance and/or the
presence of Type 2 diabetes according to 2006 American Diabetes
Association guidelines (American Diabetes Association, 2004). All
subjects were screened on medical issues and excluded if any
gastrointestinal, neurological, or renal diseases were present.

Subjects randomized into the EX+PRO group were cleared to
perform physical activity by a cardiologist who examined electro-
cardiograms obtained at rest and during submaximal cycling (per-
formed at 70% of age-predicted heart rate max). The subjects were
then familiarized with the exercise equipment and physical activity
protocol. Subjects first performed a 10-min cycling warm-up at 70%
of their age-predicted heart rate maximum before completing an
estimation of their 1RM (one-repetition maximum) on the leg press
and leg extension exercises using the multiple repetitions testing
procedure (Mayhew et al., 1995). For each exercise, subjects per-
formed 10 submaximal, or warm-up, repetitions to become famil-
iarizedwith the equipment and to have lifting technique critiqued and
corrected. Subjects then performed sets at progressively increasing
loads until failing to complete a valid repetition, judged by their
inability to complete the full range of motion for an exercise. Ideally,
subjects failed within 3–6 repetitions during the last and heaviest set.
A 2-min resting period between subsequent attempts was allowed.
The pretesting and experimental trials were separated by a period of
at least 7 days.

Diet and Physical Activity

All volunteers were instructed to refrain from any exhaustive
physical activity and to keep their diet as consistent as possible
48 hr prior to the trial. On the day of the experiment, a standardized
diet (three meals and two snacks) was consumed which provided
9.3 ± 0.6 MJ, with 55 ± 2 energy% (En%) provided as carbohy-
drate, 27 ± 2 En% as fat, and 16 ± 0.2 En% as protein. The energy
content of the standardized diet was based upon individual energy
requirements calculated using the Harris–Benedict equation and
adjusted using a physical activity factor of 1.4 to ensure ample
energy intake. Dietary protein intake averaged 1.1 ± 0.01 g/kg
bodyweight, with 35 ± 1% of the protein consumed at dinner.

Experimental Protocol

A schematic representation of the study protocol is displayed in
Figure 1. At 5:30 p.m., participants reported to the lab and had Teflon
catheters inserted into the antecubital veins of each arm. At 6:30 p.m.
(t = −300 min), all subjects consumed the same standardized dinner
meal under supervision (2.5 ± 0.1 MJ, providing 62 ± 0.2 En%
carbohydrate, 19 ± 0.1 En% fat, and 19 ± 0.1 En% protein). Subjects
in the EX+PRO group performed a single physical activity session
between 7:45 p.m. and 8:45 p.m. After the physical activity session, at
9:00 p.m. (t = −150 min), a background blood sample was taken prior
to the initiation of the tracer infusion protocol. The plasma and muscle
phenylalanine, tyrosine, and leucine pools were primed with a single
intravenous dose (priming dose) of L-[ring-2H5]-phenylalanine
(2.0 μmol·kg−1), L-[ring-2H2]-tyrosine (0.615 μmol·kg−1), and
L-[1-13C]-leucine (4.0 μmol·kg−1). Once primed, the continuous stable
isotope infusion was initiated (infusion rate: 0.05 μmol·kg−1·min−1

L-[ring-2H5]-phenylalanine, 0.015 μmol·kg−1·min−1 L-[ring-2H2]-
tyrosine, 0.1 μmol·kg−1·min−1 L-[1-13C]-leucine; Cambridge Isotope
Laboratories, Andover, MA). Participants rested for 2.5 hr until
11:30 p.m. (t = 0 min), when the first muscle biopsy sample was
taken. Subsequently, subjects ingested a 450-ml beverage containing
either only water (0 g protein, PLA) or 40 g intrinsically L-[1-13C]-
phenylalanine and L-[1-13C]-leucine-labeled casein (PRO and EX
+PRO), and 1.5 ml of vanilla extract added to improve palatability
(Dr. Oetker, Amersfoort, The Netherlands), within 5 min. The amino
acid composition of the 40 g casein protein is displayed in
Supplemental Table 1 (available online). The casein did not contain
any carbohydrates. Subjects went to sleep at 12:00 a.m. During the
night, blood samples (10 ml) were taken without waking up the
subjects at t = 0, 30, 60, 90, 150, 210, 330, and 450 min relative to
the intake of the protein drink. A second muscle biopsy was obtained
from the contralateral leg 7.5 hr later at 7:00 a.m. (t = 450 min).

Blood samples were collected in ethylenediaminetetraacetic
acid (EDTA) containing tubes and centrifuged at 1,000g 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 M. vastus lateralis, 15 cm above the patella and
approximately 4 cm below entry through the fascia, using the
percutaneous needle biopsy technique (Bergström & Hultman,
1967). Muscle samples were dissected carefully and freed from

Figure 1 — Experimental protocol. A total of 36 healthy, normoglycemic, older men were randomly assigned to ingest 40 g intrinsically L-[1-13C]-
phenylalanine and L-[1-13C]-leucine-labeled casein protein (PRO and EX+PRO) or a nonprotein placebo (PLA) before going to sleep. One group
performed a single bout of resistance-type exercise earlier that evening prior to ingesting the 40 g intrinsically-labeled protein (EX+PRO). Subjects
underwent an intravenous infusion of stable isotope amino acid tracers, and skeletal muscle biopsies were collected before and after sleep to assess muscle
connective tissue protein synthesis rates.
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any visible nonmuscle material. The muscle samples were imme-
diately frozen in liquid nitrogen and stored at −80 °C until further
analysis.

Physical Activity Protocol

The physical activity protocol consisted of 60 min of moderate-
intensity lower-body resistance-type exercise. After 15 min of self-
paced cycling at 100 W with a cadence of 60–80 rpm, subjects
performed six sets of 10 repetitions on the horizontal leg press
machine (Technogym BV, Rotterdam, The Netherlands) and six
sets of 10 repetitions on the leg extension machine (Technogym
BV). The first two sets of both exercises were performed at 55%
and 65% 1RM, respectively, and Sets 3–6 were performed at 75%
1RM. Subjects were allowed to rest for 2 min between all sets.

Production of Intrinsically Labeled Protein and
Tracer Preparation

Details on the production of intrinsically L-[1-13C]-phenylalanine
and L-[1-13C]-leucine-labeled casein protein and preparation of
L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine, and L-[ring-2H2]-
tyrosine tracers have been described previously (Holwerda et al.,
2016).

Plasma and Muscle Connective Tissue Protein
Analyses

Details on the measurement of plasma glucose, insulin, and free
L-[ring-2H5]-phenylalanine, L-[1-

13C]-phenylalanine, and L-[1-13C]-
leucine enrichments have been described previously (Holwerda et al.,
2016). Muscle connective tissue protein-enriched fractions were
isolated from ∼60 mg of wet muscle tissue by hand homogenizing
on ice using a pestle in a standard extraction buffer (10 μl/mg). The
samples were spun for 15 min at 800g and 4 °C. The pellet was
washed with 400 μl of extraction buffer before vortexing and
centrifugation at 800g and 4 °C for 10 min. The supernatant was
removed, and the pellet was washed with 500 μl ddH2O before
vortexing and centrifugation at 800g and 4 °C for 10 min. The
supernatant was removed, and 1 ml of homogenization buffer was
added and the material was suspended by vortexing prior to transfer-
ring into microtubes containing 1.4 mm ceramic beads and Lysing
Matrix D (MP Biomedicals, Irvine, CA). The microtubes were
vigorously shaken four times for 45 s at 5.5 m/s (FastPrep-24 5G,
MP Biomedicals, Irvine, CA) to mechanically lyse the protein
network. Samples were then left to rest at 4 °C for 3 hr before
centrifugation at 800g and 4 °C for 20min, discarding the supernatant
and adding 1 ml of homogenization buffer. The microtubes were
shaken for 45 s at 5.5 m/s before centrifugation at 800g and 4 °C for
20 min. The supernatant was discarded and 1.5 ml of KCl buffer was
added to dissolve connective tissue proteins overnight at 4 °C. The
next morning, samples were vortexed and centrifuged at 1,600g for
20 min at 4 °C. The supernatant was removed, and the pellet was
mixed with 1-ml KCl buffer and left for 2 hr at 4 °C. The samples
were vortexed, centrifuged at 1,600g for 20 min at 4 °C, and the
supernatant was discarded. This protocol results in approximately
65% recovery of total muscle tissue collagen and contains both
immature andmature connective tissue proteins. The remaining pellet
was suspended in 1 ml of 6MHCl in glass screw-cap tubes and left to
hydrolyze overnight at 110 °C. The free amino acids from the
hydrolyzed connective protein pellet were dried under a nitrogen
stream while being heated to 120 °C. The free amino acids were then

purified and converted into their N-ethoxycarbonyl ethyl ester deri-
vatives prior to measurement of enrichment on the GC-C-IRMS, as
has been described previously (Holwerda et al., 2016).

Calculations

The fractional synthetic rate (FSR) of muscle connective tissue
protein was calculated by dividing the increment in muscle con-
nective tissue protein enrichment by the respective precursor amino
acid tracer enrichments. Consequently, muscle connective tissue
protein FSR was calculated as follows:

FSR ð%=hrÞ =
�
Em2 − Em1

Eprecursor × t

�
× 100% (1)

Em1 and Em2 represent muscle connective tissue protein-bound
L-[ring-2H5]-phenylalanine or L-[1-13C]-leucine enrichments at
t = 0 min and 450 min, respectively. Eprecursor represents the aver-
age plasma free L-[ring-2H5]-phenylalanine or L-[1-13C]-leucine
enrichment during the tracer incorporation period, and t indicates
the time interval (in hours) between biopsies.

Statistics

All data in text are expressed as mean ± SD. Baseline characteristics
between groups were compared using a one-way analysis of vari-
ance. Time-dependent variables (i.e., plasma glucose, insulin, amino
acid concentrations, and tracer enrichments) were analyzed by a two-
factor repeated-measures analysis of variance with time as a within-
subjects factor and treatment group as a between-subjects factor. The
analysis was carried out for the period starting at the time of protein
or placebo ingestion (t = 0min) until the end of the experimental trial
(t = 450min). Non-time-dependent variables (i.e., muscle connective
tissue protein FSR and L-[1-13C]-phenylalanine enrichment) were
compared between treatment groups using a one-way analysis of
variance. Upon a significant finding, Bonferroni-corrected post hoc
comparisons were performed to identify differences. Statistical
significance was set at p < .05. All calculations were performed
using SPSS (version 24.0; SPSS Inc., Chicago, IL).

Results

Plasma Glucose and Insulin Concentrations

Plasma glucose concentrations (Supplemental Figure 1A) were
lower during the overnight period in the PLA treatment when
compared with the PRO and EX+PRO treatments (treatment
effect: p < .01, data not shown). Plasma insulin concentrations
(Supplemental Figure 1B) increased rapidly after protein ingestion
(PRO and EX+PRO) in comparison with PLA (Time × Treatment
interaction, p < .01, data not shown). Peak plasma insulin concen-
trations were higher in PRO and EX+PRO in comparison with
PLA (both p < .05), with no differences detected between PRO and
EX+PRO (p = .99).

Plasma Amino Acid Concentrations and
Enrichments

Plasma leucine (Figure 2a) concentrations increased in PRO and
EX+PRO and were elevated throughout the night in comparison
with PLA (Time × Treatment interaction, p < .01). No differences
in plasma leucine concentrations were detected between PRO
and EX+PRO (p > .05 at all time points). Plasma phenylalanine
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(Figure 2b) concentrations increased in PRO and EX+PRO and
were elevated throughout the night in comparison with PLA
(Time × Treatment interaction, p < .01). No differences in plasma
phenylalanine concentrations were detected between PRO and EX
+PRO (p > .05 at all time points). Plasma tyrosine (Figure 2c)
concentrations increased in PRO and EX+PRO and were elevated
throughout the night in comparison with PLA (Time × Treatment
interaction, p < .01). No differences in plasma tyrosine concentra-
tions were detected between PRO and EX+PRO (p > .05 at all time
points).

Plasma L-[ring-2H5]-phenylalanine (Figure 3a), L-[1-13C]-
leucine (Figure 3b), and L-[1-13C]-phenylalanine (Figure 3c) enrich-
ments did not differ between treatments prior to drink ingestion
(t = 0 min, p > .05). Plasma L-[ring-2H5]-phenylalanine enrichments
decreased slightly in PRO and EX+PRO and were lower throughout
the night in comparison with PLA (Time × Treatment interaction,
p < .01). No differences in plasma L-[ring-2H5]-phenylalanine
enrichments were detected between PRO and EX+PRO (p > .05
at all time points). Plasma L-[1-13C]-leucine enrichments increased
slightly following protein ingestion (Time × Treatment interaction,
p < .05) and were higher in EX+PRO versus PLA at t = 30, 60, and
150 min (all p < .05). Plasma L-[1-13C]-phenylalanine enrichments
increased in PRO and EX+PRO only (Time × Treatment interaction,
p < .01). No differences in plasma L-[1-13C]-phenylalanine enrich-
ments were detected between PRO and EX+PRO (p > .05 at all time
points).

Muscle Connective Tissue Protein FSR andProtein-
Bound Enrichments

Overnight muscle connective tissue protein FSR based on the infused
L-[ring-2H5]-phenylalanine tracer (Figure 4a)were higher in EX+PRO
(0.095 ± 0.022%·hr−1, n = 9) when compared with PRO (0.060 ±
0.024%·hr−1, n = 7, p < .01) and PLA (0.049 ± 0.013%·hr−1, n = 10,
p < .01), with no significant differences between PLA and PRO
(p = .73). Overnight muscle connective tissue protein FSR based on
the infused and ingested L-[1-13C]-leucine tracer (Figure 4b) were
higher in EX+PRO (0.10 ± 0.023%·hr−1, n = 9) when compared
with PRO (0.067 ± 0.019%·hr−1, n = 7, p < .01) and PLA (0.047 ±
0.015%·hr−1, n = 10, p < .01), with no significant differences between
PLA and PRO (p = .13). Muscle connective tissue protein-bound
L-[1-13C]-phenylalanine enrichments (Figure 5), derived from the in-
gested protein, were substantially higher in EX+PRO (0.054 ± 0.009
mole percent excess, n = 9) when compared with PRO (0.036 ± 0.013
mole percent excess, n = 7; p < .01).

Discussion

In the present study, we demonstrate that presleep casein protein
ingestion does not increase overnight muscle connective tissue
protein synthesis rates in comparison with placebo ingestion in
healthy older men. However, a bout of resistance-type exercise
combined with presleep casein protein ingestion potently increases
overnight muscle connective tissue protein synthesis rates. With
the use of intrinsically-labeled casein protein, we demonstrate that
dietary protein-derived amino acids are utilized for de novomuscle
connective tissue protein synthesis at rest and to a greater extent
during recovery from resistance-type exercise.

The postprandial rise in plasma amino acid concentrations, and
leucine in particular, is a key factor for driving the increase in
myofibrillar protein synthesis rates (Dreyer et al., 2008; Holwerda
et al., 2019b). Here, protein ingestion rapidly increased plasma

Figure 2 — (a) Overnight plasma leucine, (b) phenylalanine, and
(c) tyrosine concentrations (μmol/L). The dotted line represents the
ingestion of the presleep protein. Plasma concentrations over time are
expressed as mean ± SD. Plasma concentrations over time were analyzed
with a two-way repeated measures (within-subject factor: time, between-
subject factor: treatment) ANOVA. Leucine concentrations: time effect,
p < .01; treatment effect, p < .01; Time × Treatment interaction, p < .01.
Phenylalanine concentrations: time effect, p < .01; treatment effect,
p < .01; Time × Treatment effect: p < .01. Tyrosine concentrations: time
effect: p < .01; treatment effect: p < .01; Time × Treatment effect: p < .01.
PLA = presleep placebo (0 g protein) ingestion without prior exercise;
PRO = presleep protein (40 g casein) ingestion without prior exercise; EX
+PRO = presleep protein (40 g casein) ingestion with prior resistance-type
exercise; ANOVA = analysis of variance.
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insulin (Supplemental Figure 1B) and amino acid concentrations
(Figure 2). The postprandial rise in plasma amino acid availability
was attributed to the appearance of dietary protein-derived amino
acids in the circulation, as evidenced by the rapid postprandial rise
in plasma phenylalanine concentrations (Figure 2a) combined with
the rise in L-[1-13C]-phenylalanine enrichments (Figure 3c). Fol-
lowing protein ingestion, plasma leucine reached peak concentra-
tions greater than 250 μmol/L. Several studies have demonstrated
that peak postprandial plasma leucine concentrations greater than
∼200 μmol/L stimulate a 30–100% increase in myofibrillar protein
synthesis rates (Burd et al., 2015; Churchward-Venne et al., 2015;
Holwerda et al., 2019a; Kouw et al., 2015). In agreement, we
previously showed that 40 g casein protein ingested prior to sleep is
properly digested and absorbed, resulting in ample leucine and
amino acid availability to stimulate and support an increase in
overnight myofibrillar protein synthesis rates in healthy older men
(Holwerda et al., 2016; Kouw et al., 2017).

Holm et al. (2017) recently demonstrated that the ingestion of
∼18 g whey protein further increased postexercise muscle con-
nective tissue protein synthesis rates when compared with the
ingestion of carbohydrate during the late postprandial period
(i.e., between 3 and 5 hr after protein ingestion). Based on
this finding, we hypothesized that protein ingestion has a more
delayed (>3 hr) impact on stimulating muscle connective tissue
protein synthesis rates. However, despite ample availability of
circulating leucine following presleep casein protein ingestion at
rest, we did not observe greater overnight muscle connective
tissue protein synthesis rates after casein protein ingestion when
compared with placebo ingestion. This is the first study to show
that dairy protein ingestion does not increase muscle connective
tissue protein synthesis rates during 7.5 hr of overnight sleep. Our
data in the overnight setting align with previous work demon-
strating that the ingestion of either a 20 g essential amino acid
mixture (Babraj et al., 2005) or 20–38 g whey (Mikkelsen et al.,
2015) does not stimulate an increase in muscle connective tissue
protein synthesis in healthy older adults during the day. Overall,
despite a robust postprandial increase in circulating leucine and/or
other essential amino acids, dairy protein ingestion does not
stimulate an increase in muscle connective tissue protein synthesis
in vivo in humans.

Resistance-type exercise is the most potent anabolic stimulus
for skeletal muscle tissue protein. We have recently demonstrated
that a bout of resistance-type exercise increases muscle connective
tissue protein synthesis rates in younger individuals (Trommelen
et al., 2020). As hypothesized in the present study, a bout of
resistance-type exercise combined with presleep casein protein
ingestion increased postprandial muscle connective tissue protein
synthesis rates by ∼100% during overnight recovery in older men
(Figure 4a). Our data during overnight sleep extend upon previous
work showing that resistance-type exercise increases postprandial
muscle connective tissue protein synthesis rates in healthy older
individuals during the day (Dideriksen et al., 2016; Mikkelsen
et al., 2015). However, the absence of an exercise-only group
precludes our ability to determine whether the observations of
greater postexercise connective tissue protein synthesis rates were
the result of exercise alone or facilitated by the combination with
presleep casein protein ingestion. Nevertheless, our present com-
parisons indicate that senescent muscle retains the capacity to
upregulate muscle connective tissue protein synthesis rates in
response to a bout of exercise. The postexercise increase in muscle
connective tissue protein synthesis rates contributes to remodeling
of the extracellular matrix. While it is known that the extracellular

Figure 3 — (a) Overnight plasma L-[ring-2H5]-phenylalanine, (b) L-
[1-13C]-leucine, and (c) L-[1-13C]-phenylalanine enrichments in MPE.
The dotted line represents the ingestion of the presleep protein. Values
represent mean ± SD. Data were analyzed with a two-way repeated-
measures (within-subject factor: time; between-subject factor:
treatment) ANOVA. L-[ring-2H5]-phenylalanine enrichments: time effect,
p < .01; treatment effect, p < .01; Time × Treatment effect, p < .01.
L-[1-13C]-leucine enrichments: time effect, p < .01; treatment effect,
p = .02; Time × Treatment effect, p = .03. L-[1-13C]-phenylalanine
enrichments: time effect, p < .01; treatment effect, p < .01; Time ×
Treatment effect, p < .01. PLA = presleep placebo (0 g protein) ingestion
without prior exercise; PRO = presleep protein (40 g casein) ingestion
without prior exercise; EX+PRO = presleep protein (40 g casein)
ingestion with prior resistance-type exercise; MPE =mole percent excess;
ANOVA = analysis of variance.
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matrix transfers force from contracting muscle tissue to tendons
and bones, the functional impact of enhanced remodeling remains
unclear. It could be speculated that enhanced postexercise extra-
cellular matrix remodeling may be an important adaptation to
facilitate the gains in muscle mass and/or maximal strength that
occur following more prolonged resistance-type exercise training.
In support, recent work demonstrates that enhanced extracellular
matrix remodeling is associated with increases in muscle mass and
strength in overloaded rodent plantaris muscle (Stantzou et al.,
2020). Further exploration is required to determine whether the
association between enhanced extracellular matrix remodeling and
increases in muscle mass and strength following resistance-type
exercise training in humans is causal.

By applying specifically produced highly L-[1-13C]-phenylal-
anine-enriched (>35 mole percent excess) casein protein, we were
able to directly assess the incorporation of dietary protein-derived
amino acids into muscle connective tissue protein. Here, we
demonstrate for the first time that dietary protein-derived amino
acids are incorporated into de novo muscle connective tissue
protein in older adults (Figure 5). Furthermore, we show that
resistance-type exercise performed earlier in the evening allows
more of the dietary protein-derived amino acids (∼50% more vs.
PRO) to be utilized for de novo muscle connective tissue protein
synthesis during overnight recovery. The present findings align
with our recent work demonstrating that dietary protein-derived
amino acids are incorporated into de novomuscle connective tissue
protein at rest and, to a further extent, during postexercise recovery
in younger individuals (Trommelen et al., 2020). Altogether, these
data reinforce our findings that resistance-type exercise promotes
the remodeling of muscle connective tissue and illustrate the
potential role of dietary protein to support postexercise skeletal
muscle tissue adaptation in older individuals.

As we did not identify any stimulatory properties of presleep
casein ingestion on muscle connective tissue protein synthesis rates
at rest and during recovery from a single bout of exercise, we can
only speculate whether muscle connective tissue remodeling is
unresponsive to protein ingestion. Alternatively, it could be spec-
ulated that muscle connective tissue is less responsive to essential
amino acids and protein sources (i.e., whey and casein) that have
previously been applied (Babraj et al., 2005; Dideriksen et al.,
2016, 2011; Holm et al., 2010; Mikkelsen et al., 2015). Connective
tissue proteins contain high concentrations of proline (12%) and
glycine (25%) relative to other proteins within skeletal muscle
(Eastoe, 1955). Casein protein contains relatively little proline
(6.5%) and glycine (2%) and may, therefore, provide insufficient
amounts of proline and/or glycine to support a postprandial or
postexercise increase in muscle connective tissue protein synthesis
rate (Trommelen et al., 2020). As such, the ingestion of dietary
protein that contains more glycine and/or proline may better
facilitate an increase in muscle connective tissue protein synthesis
rates. In particular, collagen hydrolysate and gelatin contain

Figure 4 — Overnight muscle connective tissue protein synthetic rates (FSR in %/hr) as calculated using (a) L-[ring-2H5]-phenylalanine or
(b) L-[1-13C]-leucine as tracer. The data are presented as box and whisker plots with the median (line), mean (cross), interquartile range (box), and
minimum and maximum values (tails). Treatments without a common letter differ, p < .05. Data were analyzed with a one-way (between-subject factor:
treatment) ANOVA. FSR based on L-[ring-2H5]-phenylalanine: main treatment effect, p < .001. PLA versus EX+PRO and PRO versus EX+PRO
Bonferroni-corrected post hoc comparisons, p < .01. FSR based on L-[1-13C]-leucine: main treatment effect, p < .001. PLA versus EX+PRO and PRO
versus EX+PRO Bonferroni-corrected post hoc comparisons, p < .01. FSR = fractional synthetic rate; PLA = presleep placebo (0 g protein) ingestion
without prior exercise; PRO = presleep protein (40 g casein) ingestion without prior exercise, EX+PRO = presleep protein (40 g casein) ingestion with
prior resistance-type exercise; ANOVA = analysis of variance.

Figure 5 — Overnight L-[1-13C]-phenylalanine incorporation into muscle
connective tissue protein inMPE. The data are presented as box and whisker
plots with the median (line), mean (cross), interquartile range (box), and
minimum and maximum values (tails). The data were analyzed with an
unpaired t test. *Significantly different from 40 g casein (p < .01). PRO =
presleep protein (40 g casein) ingestion without prior exercise; EX+PRO =
presleep protein (40 g casein) ingestion with prior resistance-type exercise;
MPE =mole percent excess.
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approximately 12% and 26% of proline and glycine, respectively
(Skov et al., 2019). Recently, Shaw et al. (2017) demonstrated that
human serum collected after gelatin ingestion promotes greater
collagen synthesis when exposed to engineered tissue constructs in
an ex vivo setting. However, whether the ingestion of gelatin or
collagen hydrolysate promotes greater muscle connective tissue
protein synthesis rates in vivo in humans remains to be determined.

In conclusion, presleep casein protein ingestion does not
increase overnight muscle connective tissue protein synthesis rates
in healthy older men. Resistance-type exercise plus presleep casein
protein ingestion increases overnight muscle connective tissue
protein synthesis rates. Dietary protein-derived amino acids are
utilized as precursors to support de novo muscle connective tissue
protein synthesis at rest and, to a greater extent, during overnight
recovery from a bout of resistance-type exercise.
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