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ABSTRACT

AUSSIEKER, T., J. KAISER, W. J. H. HERMANS, F. K. HENDRIKS, A. M. HOLWERDA, J. M. SENDEN, J. M. X. VAN

KRANENBURG, J. P. B. GOESSENS, U. BRAUN, K. BAAR, T. SNIJDERS, and L. J. C. VAN LOON. Ingestion of aWhey Plus Collagen

Protein Blend Increases Myofibrillar and Muscle Connective Protein Synthesis Rates.Med. Sci. Sports Exerc., Vol. 57, No. 3, pp. 544-554,

2025. Purpose: Ingestion of whey protein increases myofibrillar but not muscle connective protein synthesis rates. Recently, we defined a

whey and collagen protein blend (5:1 ratio) to optimize post-prandial plasma amino acid availability. Here, we assessed the ability of this blend

to increase myofibrillar and muscle connective protein synthesis rates at rest and during early recovery from exercise.Methods: In a random-

ized, double-blind, parallel design, 28 men (age: 25 ± 5 yr; body mass index: 23.6 ± 2.3 kg·m−2) were randomly allocated to ingest either 30 g

of protein (25 g whey/5 g collagen; BLEND, n = 14) or a noncaloric placebo (PLA, n = 14) following a single session of unilateral leg resistance-

type exercise. Participants received primed continuous L-[ring-13C6]-phenylalanine infusions with blood andmuscle biopsy samples collection for

5 h post-prandially to assess myofibrillar and muscle connective protein synthesis rates. Results: Protein ingestion strongly increased plasma

amino acid concentrations, including plasma leucine and glycine concentrations (P < 0.001), with no changes following placebo ingestion

(P > 0.05). Post-prandial myofibrillar and muscle connective protein synthesis rates were higher in the exercised compared with the rested leg

(P < 0.001). In addition, myofibrillar protein synthesis rates were higher in BLEND compared with PLA in both the rested (0.038 ± 0.008 and

0.031 ± 0.006%·h−1, respectively;P < 0.05) and exercised (0.052 ± 0.011 and 0.039 ± 0.009%·h−1, respectively;P < 0.01) leg.Muscle connective

protein synthesis rates were higher in BLEND compared with PLA in the rested (0.062 ± 0.013 and 0.051 ± 0.010%·h−1, respectively; P < 0.05),

but not the exercised (0.090 ± 0.021 and 0.079 ± 0.016%·h−1, respectively; P = 0.11) leg.Conclusions: Ingestion of a whey (25 g) plus collagen

(5 g) protein blend increases both myofibrillar and muscle connective protein synthesis rates at rest and further increases myofibrillar but not mus-

cle connective protein synthesis rates during recovery from exercise in recreationally active, youngmen.KeyWords:CONNECTIVE TISSUE,

MUSCLE REMODELING, MYOFIBRILLAR PROTEIN, RESISTANCE EXERCISE, GLYCINE, AMINO ACIDS
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Exercise stimulates muscle protein synthesis, with sig-
nificant increases in both myofibrillar (1,2) as well as
muscle connective protein synthesis rates (3–6). The

post-exercise increase in myofibrillar and muscle connective
protein synthesis rates is responsible for the subsequent skeletal
muscle adaptive response to exercise, resulting in the condition-
ing of the contractile protein and connective tissue networks, re-
spectively (7). Consuming protein during recovery from exer-
cise can further increase muscle protein synthesis rates (8–10),
thereby supporting greater gains in muscle mass and strength
following more prolonged resistance exercise training (11,12).
Whereas post-exercise dairy protein ingestion has been demon-
strated to further increase myofibrillar protein synthesis rates
(9,13), such a stimulatory effect has not been observed for mus-
cle connective protein synthesis rates (3,4,14–16).

Muscle connective protein, particularly collagen, is rich in
glycine and proline (17).We previously hypothesized that the in-
ability of dairy protein ingestion to further increase post-exercise
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muscle connective protein synthesis rates may be attributed to
insufficient post-prandial plasma glycine availability (16,18,19)
(unpublished observations). Dietary collagen protein contains
high levels of glycine and proline and has therefore been sug-
gested as a preferred protein source to promote connective tissue
remodeling (20–26). However, in contrast to dairy protein, colla-
gen protein has a relative low essential amino acid content and,
as such, a lower leucine content (20). This may be the reason
why we (16) as well as others (27,28) were unable to detect an
increase in myofibrillar protein synthesis rates following colla-
gen protein ingestion (15,26,27). Recently, we sought to opti-
mize post-prandial plasma amino acid profiles and improve
plasma glycine availability during recovery from exercise by
ingesting different protein blends containing both whey and col-
lagen protein (19). The addition of 5 g of collagen to 25 g of
whey protein was sufficient to allow a robust increase in plasma
essential amino acids and leucine concentrations while also in-
creasing post-prandial plasma glycine availability.

We hypothesized that ingestion of awhey and collagen protein
blend would increase both myofibrillar and muscle connective
protein synthesis rates at rest and during recovery from resistance
exercise. To test our hypotheses, 28 healthy young recreationally
active men ingested 30 g of a protein blend providing 25 g whey
and 5 g collagen protein or a noncaloric placebo following a sin-
gle bout of unilateral resistance exercise. Primed, continuous in-
travenous L-[ring-13C6]-phenylalanine infusions together with
blood and muscle tissue samples collection were applied to as-
sess both myofibrillar and muscle connective protein synthesis
rates both at rest and during recovery from exercise.

METHODS

Participants.A total of 28 healthy, recreationally activemen
(age: 25 ± 5 yr; body mass index (BMI): 23.6 ± 2.3 kg·m−2)
volunteered to participate in this parallel-group, double-blind,
randomized controlled trial. Participants’ characteristics are
presented in Table 1. After pretesting, participants were ran-
TABLE 1. Participants’ characteristics and average 2-d dietary intake before the experimen-
tal period.

PLA (n = 14) BLEND (n = 14)

Age (y) 24 ± 4 25 ± 6
Height (m) 1.76 ± 0.07 1.80 ± 0.07
Weight (kg) 72.4 ± 7.6 77.2 ± 9.8
BMI (kg·m−2) 23.4 ± 2.2 23.7 ± 2.5
Lean body mass (kg) 59.3 ± 5.3 62.6 ± 6.1
Body fat (%) 17.5 ± 5.7 18.6 ± 5.3
Rectus femoris CSA (cm2) 13.4 ± 4.1 12.8 ± 2.2
Vastus lateralis CSA (cm2) 32.2 ± 6.2 32.6 ± 3.4
1RM leg press (kg) 116 ± 23 130 ± 29
1RM leg extension (kg) 59 ± 13 67 ± 13
Energy (MJ·d−1) 9.6 ± 2.5 10.0 ± 1.8
Carbohydrate (g·d−1) 237 ± 86 276 ± 73
Fat (g·d−1) 102 ± 40 90 ± 32
Protein (g·d−1) 92 ± 29 104 ± 41
Protein (g·kg−1·d−1) 1.27 ± 0.37 1.33 ± 0.46
Vitamin C (mg·d−1) 141 ± 63 185 ± 100
Borg scale score 16 ± 2 17 ± 2

Values represent means ± SD. Data were analyzed with independent t-tests. There were no
differences between treatments.
BLEND, 25 g whey plus 5 g of collagen protein; BMI, bodymass index; CSA, cross-sectional
area (exercise leg only); PLA, noncaloric flavored water; 1RM, one-repetition maximum for
the trained leg.

WHEY COLLAGEN BLEND; MUSCLE PROTEIN SYNTHESIS
domly assigned to one of two groups consuming either 30 g
of a whey and collagen protein blend (25 g whey and 5 g
collagen protein; BLEND; n = 14) or a noncaloric placebo
(PLA; n = 14). All participants were informed of the nature
and possible risks of the experimental procedures before their
written informed consent was obtained. This study was ap-
proved by the Medical Ethical Committee of the Maastricht
University Medical Centre+/Maastricht University and con-
forms to the principles outlined in the Declaration of Helsinki
for use of human participants and tissue. The trial was regis-
tered at ClinicalTrials.gov (NCT05386771) and was con-
ducted between October 2022 and April 2023 at Maastricht
University, Maastricht, the Netherlands. Clinical Trial Center
Maastricht independently monitored the study.

Pretesting. Participants (aged 18–35 yr with a BMI >18.5
and <30.0 kg·m−2) underwent an initial screening session to assess
height, body weight, and body composition (BIA, BioScan 920;
Maltron International Ltd, UK). Afterward the one-repetition
maximum (1RM) of both legs individually was assessed with
leg press and leg extension exercises (Technogym, Rotterdam,
the Netherlands). Participants were deemed healthy based on
their responses to a medical questionnaire and were excluded
from participationwhen smoking, usingmedication that affected
protein metabolism, having any musculoskeletal diseases, or if
they were intolerant to the investigated protein products. The
pretesting and experimental trials were separated by at least 5 d.

Diet and physical activity. All participants refrained
from strenuous physical activity and alcohol consumption and
filled out food intake and physical activity questionnaires for
2 d before the experimental trial. Habitual dietary intake data
were analyzed using online software available from the Dutch
Health Council (Mijn Eetmeter: https://mijn.voedingscentrum.
nl/nl/eetmeter/) and are presented in Table 1. Participants
consumed the same standardized meal before 9:00 PM on the
evening before the experimental trial. This prepackaged stan-
dardized meal provided 1.71 MJ, with 55% of the energy from
carbohydrate, 30% energy from fat, and 15% energy from pro-
tein. In addition, participants consumed 200 mL orange juice
(80 mg vitamin C) providing 0.38 MJ. Thereafter, participants
remained fasted until the experimental test day.

Study design. Participants performed a unilateral leg re-
sistance exercise session before consuming a randomly assigned
beverage (300 mL) containing either 30 g of protein (25 g whey
and 5 g collagen protein; BLEND) or placebo (PLA).Whey pro-
tein isolate (Volactive Ultra Whey 90; Volac International
Limited, Royston, UK) and collagen protein hydrolysate
(Bodybalance B; GELITAAG, Eberbach, Germany) were used.
The noncaloric placebo was flavored water. Both beverages
were flavored with vanilla flavoring (Dr. Oetker, Amersfoort,
the Netherlands). The amino acid profile of the protein blend
can be found in Supplemental Table 1 (Supplemental Digital
Content, http://links.lww.com/MSS/D122) and has been pub-
lished previously (19). Randomization was performed using a
computerized list randomizer (http://www.randomization.
com/). Participants were sequentially allocated to the treat-
ment groups by an independent researcher, according to the
Medicine & Science in Sports & Exercise® 545
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randomized list. The study beverages were prepared by a dif-
ferent independent researcher in nontransparent plastic con-
tainers, and both supplements had a similar taste and smell.

Experimental protocol. At ∼07:45 AM, participants ar-
rived at the laboratory in an overnight fasted state using public
transport or the car (a maximum of 10-min walking was
allowed). A catheter was inserted into an antecubital vein for
stable isotope amino acid infusion. Subsequently, a second
catheter was inserted into a dorsal hand vein of 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 (29). After
taking a baseline blood sample (t = −210 min), the plasma phe-
nylalanine pool was primed with a single intravenous dose
(priming dose) of L-[ring-13C6]-phenylalanine (3.15 μmol·kg−1,
CLM-1055-MPT-PK; Cambridge Isotopes, Andover, MA) and
L-[3,5-2H2]-tyrosine (1.20 μmol·kg−1, DLM-449-MPT-PK;
Cambridge Isotopes). After priming, continuous intravenous in-
fusions of L-[ring-13C6]-phenylalanine (0.070 μmol·kg−1·
min−1) and L-[3,5-2H2]-tyrosine (0.027 μmol·kg−1·min−1) were
initiated and maintained using a calibrated pump (Braun,
Melsungen, Germany). After resting in a supine position, at
t = −180 min, an arterialized blood sample was obtained, and
a muscle biopsy sample was collected from the vastus lateralis
muscle of the resting leg to determine basal myofibrillar and
muscle connective protein synthesis rates (t = −180–0 min).
Thereafter, rectus femoris and vastus lateralis cross sectional
areas were determined by ultrasound (Affinity 70G; Philips,
Amsterdam, the Netherlands) with a linear array probe (eL18-
4; Philips) using B-mode with a panoramic option.While main-
taining in a supine position, a third and fourth arterialized blood
samples were drawn (t = −120 min; t = −60 min). After resting
for another 15 min (t = −45 min), participants initiated the uni-
lateral leg resistance exercise intervention (described hereinaf-
ter). 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 both
the rested leg and exercised leg. Subsequently, participants re-
ceived a 300-mL beverage corresponding to their randomly
assigned treatment allocation (BLEND, n = 14; PLA, n = 14).
To minimize dilution of the steady-state plasma L-[ring-13C6]-
phenylalanine precursor pool, 4% of the phenylalanine content
was added as L-[ring-13C6]-phenylalanine to the BLENDbever-
age. Sequential arterialized blood samples were collected at
t = 30, 60, 90, 120, 180, and 240 min throughout the postpran-
dial period. At t = 300min, an arterialized blood sample was ob-
tained, and a muscle biopsy sample was collected from the
vastus lateralis muscle of both legs to determine post-prandial
myofibrillar and muscle connective protein synthesis rates
(t = 0–300min).When the experimental protocol was complete,
the cannulas were removed, participants consumed a light meal
and were monitored for ∼30 min before leaving the laboratory.

Blood and muscle tissue sampling. Blood samples
were collected into EDTA-containing tubes and centrifuged
at 1000g for 15 min at 4°C. Aliquots of plasma were frozen
in liquid nitrogen and stored at −80°C. Muscle biopsy samples
546 Official Journal of the American College of Sports Medicine
were collected using a 5-mm Bergström needle custom-
adapted for manual suction. Samples were obtained from sep-
arate 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
non-muscle material, immediately frozen in liquid nitrogen,
and stored at −80°C until further processing.

Resistance exercise session. All participants
followed the same unilateral resistance exercise protocol that
consisted of five sets on the leg-press and leg-extension ma-
chines (Technogym, Rotterdam, the Netherlands). The selec-
tion of the exercised versus resting leg was randomized. The
first set for both exercises was a warm-up set for 10 repetitions
at 40% 1RM. The next three sets were 8–10 repetitions at 80%
1RM. The last set was performed at 80% 1RM until failure.
Resting periods of 2 min were allowed between all sets. After
all sets at the leg press exercise were finished, participants con-
tinued with the leg extension exercise. Rating of perceived ex-
ertion was evaluated by the Borg scale (6–20; Table 1).

Plasma analysis. Plasma glucose and insulin concentra-
tions were analyzed using commercially available kits (GLUC3,
Roche, Ref: 05168791 190, and Immunologic, Roche, Ref:
12017547 122, respectively). Quantification of plasma amino
acid concentrations was performed using ultra-performance liq-
uid chromatograph mass spectrometry (UPLC-MS; ACQUITY
UPLC H-Class with QDa; Waters, Saint-Quentin, France). A to-
tal of 50 μL of blood plasma was deproteinized using 100 μL of
10%SSAwith 50 μMofMSK-A2 internal standard (Cambridge
Isotope Laboratories, Andover, MA). Subsequently, 50 μL of
ultra-pure demineralized water was added, and samples were
centrifuged (15 min at 21,000g). After centrifugation, 10 μL of
supernatant was added to 70 μL of Borate reaction buffer (Wa-
ters, Saint-Quentin, France). In addition, 20 μL of AccQ-Tag
derivatizing reagent solution (Waters) was added after which
the solution was heated to 55°C for 10 min. An aliquot of 1 μL
was injected and measured using UPLC-MS. Plasma L-
[ring-13C6]-phenylalanine enrichments were determined by
UPLC-MS. For this, plasma phenylalanine was derivatized to
its 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate deriva-
tive, and enrichments were determined by UPLC-MS by using
mass detection of masses 336, 342, and 346 for unlabeled and
(13C6 and

13C9-
15N)-labeled phenylalanine, respectively. We ap-

plied standard calibration curves in all isotopic enrichment anal-
yses to assess the linearity of themass spectrometer and to control
for the loss of tracer.

Muscle tissue analysis. Muscle connective and myofi-
brillar protein-enriched fractions were isolated from ~100 mg
of wet muscle tissue by hand homogenizing on ice using a pes-
tle in an extraction buffer (10 μL·mg−1; buffer recipe: 2.29 g
sucrose, 0.606 g Tris, 0.373 g KCl, and 0.372 g EDTA in
100 mL of ddH2O (pH 7.4) and right before use 1 tablet cOm-
plete™ mini and 1 tablet PhosSTOP™ (Roche Holding AG,
Switzerland) per 10 mL of buffer was added). The samples
were spun for 15 min at 700g and 4°C. The supernatant was
transferred to a separate tube for Western blot analysis. The
http://www.acsm-msse.org
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pellet was washed with 400 μL of extraction buffer before
vortexing and centrifugation at 700g and 4°C for 10 min.
The supernatant was removed, and the pellet was washed with
500 μL ddH2O before vortexing and centrifugation at 700g
and 4°C for 10 min. The supernatant was removed, and
1 mL of homogenization buffer (buffer recipe: 0.242 g Tris,
0.877 g NaCl, 0.074 g EDTA, 8.558 g sucrose, and 0.5 mL
Triton X-100 in 100 mL of ddH2O (pH 7.4)) was added, and
the material was suspended by vortexing before transferring
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−1 (FastPrep-
24 5G, MP Biomedicals) to mechanically lyse the protein
network. Samples were then left to rest at 4°C for 3 h before
centrifugation at 700g and 4°C for 20 min, discarding the
supernatant and adding 1 mL of homogenization buffer.
The microtubes were shaken for 40 s at 5.5 m·s−1 before
centrifugation at 700g and 4°C for 20 min. The supernatant
was discarded, and 1 mL of KCl buffer (buffer recipe:
5.22 g KCl and 2.66 g sodium pyrophosphate in 100 mL
ddH2O) was added to the pellets before being vortexed
and left to rest overnight at 4°C. The next morning, samples
were vortexed and centrifuged at 1600g for 20 min at 4°C
where the supernatant was used for myofibrillar protein iso-
lation and the pellet for muscle connective protein isolation.

For the myofibrillar isolation, the supernatant was trans-
ferred to a separate tube. Then, 3.4 mL EtOH 100% was
added, samples were vortexed, left for 2 h at 4°C, and then
centrifuged at 1600 g, for 20 min at 4°C. The supernatant
was discarded, and 70% EtOH was added to the pellet,
vortexed, and centrifuged again at 1600g, for 20 min at 4°C.
The supernatant was again discarded, and the remaining pellet
was suspended in 2 mL of 6 M HCl in glass screw-cap tubes
and left to hydrolyze overnight at 110°C.

For the connective protein isolation, the pellet, containing
both immature and mature connective proteins, was mixed
with 1 mLKCl buffer and left for 2 h at 4°C. The samples were
vortexed and centrifuged at 1600g for 20 min at 4°C, and the
supernatant was discarded. To the pellet, 1 mL ddH2O was
added, vortexed, left for 2 h at 4°C, and then centrifuged at
1600g, for 20 min at 4°C. The supernatant was removed, and
the remaining pellet was suspended in 1 mL of 6 M HCl in
glass screw-cap tubes and left to hydrolyze overnight at 110°C.

Following hydrolyzation of the isolated myofibrillar and con-
nective protein fractions, the free amino acids were then dis-
solved in 25% acetic acid solution, passed over cation exchange
AG 50 W-X8 resin columns (mesh size: 100–200, ionic form:
hydrogen; Bio-Rad Laboratories, Hercules, CA), washed 5 times
with water, and finally eluted with 2 M NH4OH. To determine
myofibrillar and connective protein L-[ring-13C6]-phenylalanine
enrichments by GC-IRMS analysis, the purified amino acids
were converted into N-ethoxycarbonyl ethyl ester derivatives
with ethyl chloroformate. The samples were measured using a
gas chromatography–isotope ratio mass spectrometer (Finnigan
MAT 252; Thermo Fisher Scientific, Bremen, Germany)
equipped with an Ultra I GC-column (no. 19091A-112;
WHEY COLLAGEN BLEND; MUSCLE PROTEIN SYNTHESIS
Hewlett-Packard, Palo Alto, CA) and combustion interface II
(GC-C-IRMS). Ion masses 44, 45, and 46 were monitored for
13C phenylalanine. By establishing the relationship between
the enrichment of a series of L-[ring-13C6]-phenylalanine, stan-
dards of variable enrichment, and the enrichment of theN(O,S)-
ethoxycarbonyl ethyl esters of these standards, the muscle-
protein-bound enrichment of phenylalanine was determined.

Calculations. The fractional synthetic rates (FSR) of
myofibrillar and muscle connective protein were calculated
by dividing the increments in myofibrillar and muscle connec-
tive protein enrichment by weighted mean precursor (plasma)
amino acid tracer enrichment. Consequently, myofibrillar and
muscle connective protein FSRs were calculated as follows:

FSR % � h−1� � ¼ Em2−Em1

Eprecursor � t

� �
� 100% 1ð Þ

Em1 and Em2 represent protein-bound L-[ring-13C6]-phenylalanine,
Eprecursor represents the average plasma free L-[ring-13C6]-
phenylalanine enrichment during the tracer incorporation pe-
riod, and t indicates the time interval (h) between biopsies.

Statistical analysis. An a priori sample size calculation
was performed with differences in postprandial muscle connec-
tive protein synthesis rates between the groups as the primary
outcome measure. A minimum sample size of 14 participants
per treatment was calculated using a power of 80%, a signifi-
cance level of 0.05, an SD of 0.0125%·h−1, and a difference
in muscle connective protein synthesis rates of 0.014%·h−1 be-
tween treatments as based on our data of a previous publication
(16). Baseline characteristics and dietary intake between groups
were compared using an independent t-test. The trapezoidal rule
adjusted to baseline concentration (t = 0) was applied to calcu-
late the incremental area under curve (iAUC) of the amino acid
concentrations. Time-dependent variables (i.e., plasma glucose,
insulin, amino acid, and concentrations) were analyzed by a
repeated-measures ANOVA with time as a within-subject fac-
tor and treatment group as a between-subject factor. The analy-
sis was carried out for the period starting at the time of protein
or placebo ingestion (t = 0 min) until the end of the experimen-
tal trial (t = 300 min). In case of a significant interaction effect,
individual time points were analyzed using independent-
samples t-tests. Plasma phenylalanine enrichments were ana-
lyzed by a repeated-measures ANOVA with time as a within-
subject factor and treatment group as a between-subject factor
for t = −180 until 300 min. Non–time-dependent variables
(i.e., basal and post-exercise myofibrillar and muscle connec-
tive protein and iAUC) were compared between treatment
groups using a paired-samples t-test. A secondary statistical
analysis was performed on myofibrillar and muscle connective
protein FSR in a condition-dependent manner with post-
absorptive FSR and post-prandial FSR using a two-factor re-
peated-measures ANOVA with condition (post-absorptive,
rested and exercised) as a within-subject factor and treatment
group (BLEND and PLA) as a between-subject factor.
Bonferroni-corrected post hoc comparisons were performed
where appropriate. Statistical significance was set at P < 0.05.
All data in text and figures are expressed as mean ± SD. All
Medicine & Science in Sports & Exercise® 547
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calculations were performed using SPSS 27.0 (SPSS Inc.,
Chicago, IL).
RESULTS

Participants’ characteristics and habitual dietary
intake. There were no significant differences in the partici-
pants’ characteristics between the treatment groups (Table 1).
Similarly, there were no differences in habitual dietary intake
and exercise-related ratings of perceived exertion (Borg) be-
tween treatment groups (Table 1). Dietary vitamin C intake of
the 2 d before the experimental test day averaged 141 ± 63
and 163 ± 85 mg·d−1 in BLEND and PLA, respectively (main
effect of treatment, P > 0.05). All participants ingested amounts
of vitamin C above the Recommended Dietary Allowance of
90 mg·d−1 for men (30).

Plasma glucose and insulin concentrations. Plasma
glucose concentrations declined over time (P < 0.05), with no
differences between treatments (Fig. 1A). BLEND ingestion
resulted in significant increases in circulating insulin concen-
trations, with values exceeding those observed in the placebo
treatment at t = 30–90 min (time–treatment group interaction,
P < 0.001; Fig. 1B).

Plasma amino acid concentrations. Results for all
measured amino acids are visualized in a heat map showing
the fold-change in plasma amino acid concentrations follow-
ing test drink ingestion when compared with baseline
t = 0 min (Fig. 2). BLEND ingestion increased plasma amino
acid concentrations compared with PLA, with increases in
plasma amino acid availability in BLEND (as represented by
the iAUC, P < 0.05; data not shown). Significant time × treat-
ment group interactions were observed for all plasma amino
acid concentrations (all P < 0.001). Plasma EAA concentra-
tions were higher at time points t = 30–180 min in BLEND
compared with PLA (P < 0.05, Fig. 3A/4B). Plasma non-
essential amino acid and proline concentrations were higher
at time points t = 30–120 min in BLEND compared with
PLA (P < 0.05, Fig. 3B/E). Plasma leucine concentrations
were higher at time points t = 30–240 min in BLEND com-
pared with PLA (P < 0.05, Fig. 3C). Plasma glycine concen-
FIGURE 1—Plasma glucose (A) and insulin (B) concentrations following test dri
exercise (t = 0–300 min). The dotted line represents the ingestion of the test drink
two-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to d
the time point, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, pla
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trations were higher at time points t = 30–90 min in BLEND
compared with PLA (P < 0.05, Fig. 3D). Plasma hydroxypro-
line and hydroxylysine concentrations were higher at time
points t = 30–300 and t = 30–180 min in BLEND when com-
pared with PLA, respectively (P < 0.05, Fig. 4).

Stable isotope tracer analyses. Analysis of plasma L-
[ring-13C6]-phenylalanine enrichments revealed a significant
time–treatment group interaction effect (P < 0.001; Fig. 5).
During the early post-prandial phase (t = 30–90 min), plasma
L-[ring-13C6]-phenylalanine enrichments were lower in
BLEND compared with PLA (P < 0.05). However, time-
weighted plasma L-[ring-13C6]-phenylalanine enrichments
over the entire 5 h post-prandial period did not differ between
groups (P > 0.05).

Myofibrillar protein synthesis. Post-absorptive myofi-
brillar protein synthesis rates averaged 0.028 ± 0.013 and
0.023 ± 0.010%·h−1 in BLEND and PLA, respectively, with
no differences between groups (main effect of treatment,
P > 0.05; Fig. 6). Post-prandial myofibrillar protein synthesis
rates in the rested leg over the 5 h period were significantly
higher in BLEND compared with PLA at 0.038 ± 0.008 and
0.031 ± 0.006%·h−1, respectively (main effect of treatment,
P < 0.05; Fig. 6). Post-prandial myofibrillar protein synthesis
rates in the exercised leg over the 5 h period were significantly
higher in BLEND compared with PLA at 0.052 ± 0.011 and
0.039 ± 0.009%·h−1, respectively (main effect of treatment,
P < 0.05; Fig. 6). Time-dependent analysis revealed higher
myofibrillar protein synthesis rates for the post-prandial rested
and exercised compared with the post-absorptive condition,
and higher rates for the exercised compared with the rested
condition (main effects of condition P < 0.001).

Muscle connective protein synthesis. Post-absorptive
muscle connective protein synthesis rates averaged 0.050 ± 0.018
and 0.042 ± 0.013%·h−1 in BLEND and PLA, respectively, with
no differences between groups (main effect of treatment,
P > 0.05; Fig. 7). Post-prandial muscle connective protein syn-
thesis rates in the rested leg over the 5 h period were significantly
higher in BLEND compared with PLA at 0.062 ± 0.013 and
0.051 ± 0.010%·h−1, respectively (main effect of treatment,
P < 0.05; Fig. 7). Post-prandial muscle connective protein
nk ingestion during recovery from a single bout of unilateral leg resistance
. Values represent means ± SD; n = 14 per group. Data were analyzed by
etect differences between groups. *Significant treatment difference within
cebo (water).
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FIGURE 2—Heat map of fold changes in plasma amino acid concentrations during the experimental test day after the test drink ingestion during recovery
from a single bout of unilateral leg resistance exercise. BCAA, branched-chain amino acids; BLEND, 25 g whey plus 5 g collagen protein (n = 14); EAA,
essential amino acids; NEAA, non-essential amino acids; PLA, placebo (water) (n = 14); TAA, total amino acids. For hydroxyproline and hydroxylysine,
values under the detection limit were set to 0. Values of t = 0 were set to 1.
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synthesis rates in the exercised leg over the 5-h period averaged
0.090 ± 0.021 and 0.079 ± 0.016%·h−1 in BLEND and PLA, re-
spectively, with no statistical difference between groups (main ef-
fect of treatment, P = 0.11; Fig. 7). Time-dependent analysis re-
vealed higher muscle connective protein synthesis rates for the
post-prandial rested and exercised compared with the post-
absorptive condition, and higher rates for the exercised compared
with the rested condition (main effects of condition, P < 0.001).
DISCUSSION

In the present study, we demonstrated that the ingestion of a
protein blend combining whey and collagen protein strongly
increased plasma amino acid concentrations during recovery
from a single bout of unilateral resistance exercise. Ingestion
of the protein blend increased both myofibrillar and muscle
connective protein synthesis rates in the rested leg. Following
exercise, protein blend ingestion increasedmyofibrillar but not
muscle connective protein synthesis rates in the exercised leg.

In our study, the ingestion of the protein blend combining
both whey and collagen protein resulted in a rapid rise in cir-
culating plasma amino acid concentrations (Figs. 2–4). The
post-prandial rise in circulating amino acids represented the
amino acid composition of the ingested protein blend
(16,20). These data confirm our previous observations of
post-prandial plasma amino acid responses following the in-
gestion of whey protein combined with different doses of col-
lagen protein during recovery from exercise (19). The rapid
rise in circulating plasma EAA and leucine concentrations fol-
lowing protein ingestion (Fig. 3A/C) suggests efficient diges-
tion and absorption of the whey protein fraction of the protein
blend (9,16,31,32). The marked rise in plasma hydroxyproline
and hydroxylysine concentrations (Fig. 4A/B) shows that also
the collagen protein fraction in the blend was rapidly digested
WHEY COLLAGEN BLEND; MUSCLE PROTEIN SYNTHESIS
and absorbed, which agrees with prior work from our labora-
tory (16) as well as others (20,22,23). In line, we observed
robust increases in circulating plasma glycine concentrations
following ingestion of the protein blend (Fig. 3D). This is in
contrast to the decline in plasma glycine availability that is
typically observed following the ingestion of dairy protein
both at rest (18,20) as well as during recovery from exercise
(16,19). We hypothesized that the post-prandial increase in
EAA concentrations (and leucine in particular) combined with
the absence of a decline in plasma glycine availability in-
creases both myofibrillar and muscle connective protein syn-
thesis rates.

In agreement with our hypothesis, ingestion of the protein
blend, providing 25 g whey plus 5 g collagen protein, signifi-
cantly increased both myofibrillar and muscle connective pro-
tein synthesis rates throughout the 5 h post-prandial period
(Figs. 6 and 7, respectively). The observed increase in myofi-
brillar protein synthesis rates following ingestion of the protein
blend is in agreement with previous work (9,13,32,33) show-
ing increases in myofibrillar protein synthesis rates following
the ingestion of 20–30 g whey protein. We extend on the re-
sults of these prior reports, with the observation that ingestion
of a protein blend combining whey plus collagen protein can
also increase muscle connective protein synthesis rates
(Fig. 7). Previous work has failed to detect a stimulating effect
of (dairy) protein ingestion on muscle connective protein syn-
thesis rates (3–5,14–16,34,35). Consequently, it has been sug-
gested that muscle connective proteins are either less suscepti-
ble to the anabolic signal provided by (dairy) protein derived
amino acids or that a post-prandial stimulatory response is
more delayed for muscle connective protein synthesis rates
(36).We previously speculated that the inability of (dairy) pro-
tein ingestion to increase muscle connective protein synthesis
rate may be attributed to the post-prandial decline in plasma
Medicine & Science in Sports & Exercise® 549



FIGURE 3—Post-prandial plasma amino acid concentrations following whey plus collagen protein or placebo ingestion during recovery from a single bout
of unilateral leg resistance exercise (t = 0–300 min). Data are displayed for EAA (A), NEAA (B), leucine (C), glycine (D), and proline (E). The dotted line
within the graphs represents the ingestion of the test drink. Values represent means ± SD; n = 14 per group. Data for plasma amino acid concentrations
were analyzed by a two-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *Significant treat-
ment difference within the time point, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, placebo (water). EAA, essential amino acids; NEAA, non-
essential amino acids.

FIGURE 4—Post-prandial plasma hydroxyproline and hydroxylysine concentrations following whey plus collagen protein or placebo ingestion as a proxy
for collagen protein digestion and amino acid absorption (t = 0–300min). Data are displayed for hydroxyproline (A) and hydroxylysine (B). The dotted line
within the graphs represents the ingestion of the test drink. Values representmeans ± SD; n = 14 per group. Data for plasma amino acid concentrations were
analyzed by a two-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *Significant treatment
difference within the time point, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, placebo (water).
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FIGURE 5—Plasma L-[ring-13C6]-phenylalanine enrichments (MPE) before (t = −180 to 0 min) and after whey plus collagen protein or placebo ingestion dur-
ing recovery from a single bout of unilateral leg resistance exercise (t = 0–300 min). The dotted line represents the ingestion of the test drink. Values represent
means ± SD; n = 14 per group. Data were analyzed by a two-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to detect differences be-
tween groups. *Significant treatment difference within the time point, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, placebo (water).
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glycine availability (3,4). Our data tend to support the proposed

importance of dietary protein–derived glycine (37–39), al-
though we can only speculate on the properties of the pro-
tein blend to stimulate connective protein synthesis rates
in the rested leg (40). In short, we show that ingestion of a
protein blend combining whey with collagen protein
(30 g, ratio of 5:1) can increase both myofibrillar and mus-
cle connective protein synthesis rates. The latter provides
FIGURE 6—Fractional myofibrillar protein synthesis rates (%.h−1) during the p
protein or placebo ingestion in rest and during recovery from a single bout of un
circles represent individual values; n = 14 per group. Data within one condition h
analyzed by a two-factor repeated-measures ANOVA. Bonferroni post hoc testi
difference within the condition, P < 0.05. #Significant difference compared with
rested condition, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, p

WHEY COLLAGEN BLEND; MUSCLE PROTEIN SYNTHESIS
leads for the development of (more) effective interventional
strategies to support healthy aging, injury prevention, reha-
bilitation, and performance (26,41–44).

Resistance-type exercise increased both myofibrillar and
muscle connective protein synthesis rates, which was evident
from the higher protein synthesis rates observed in the
exercised when compared with the rested leg (Figs. 6 and 7).
The stimulating effect of exercise on both myofibrillar and
ost-absorptive period (basal; t = −180 to 0 min), after whey plus collagen
ilateral leg resistance exercise (t = 0–300 min). Bars represent means and
ave been analyzed by independent-samples t-tests. Time-course data were
ng was used to detect differences between groups. *Significant treatment
the basal condition, P < 0.05. $Significant difference compared with the
lacebo (water).
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FIGURE 7—Fractional muscle connective protein synthesis rates (%.h−1) during the post-absorptive period (basal; t = −180 to 0 min), after whey plus col-
lagen protein or placebo ingestion in rest and during recovery from a single bout of unilateral leg resistance exercise (t = 0–300 min). Bars represent means,
and circles represent individual values; n = 14 per group. Data within one condition have been analyzed by independent-samples t-tests. Time-course data
were analyzed by a two-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *Significant treat-
ment differencewithin the condition,P < 0.05. #Significant difference comparedwith the basal condition, P < 0.05. $Significant difference comparedwith the
rested condition, P < 0.05. BLEND, 25 g whey plus 5 g collagen protein; PLA, placebo (water).
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muscle connective protein synthesis has been reported several
times by our laboratory (3,4,16,45) as well as numerous others
(1,2,5,15,32,35,36,46,47). It has been well established that
(dairy) protein ingestion during recovery from exercise further
increases muscle protein synthesis rates (9,32,48,49). In agree-
ment, we observed higher myofibrillar protein synthesis rates
during recovery from exercise following ingestion of the whey
plus collagen protein blend (Fig. 6). In contrast to data show-
ing greater post-exercise increases in myofibrillar protein syn-
thesis rates following protein ingestion, few data are available
on the impact of post-exercise protein ingestion on muscle
connective protein synthesis rates. Most (3–5,14–16,34,35)
but not all (40,50) studies report that protein ingestion during
recovery from exercise does not further increase muscle con-
nective protein synthesis rates. Whereas most of these data
are based on studies that applied dairy protein (3,4,14,15,35),
more recent work from our laboratory (16) as well as others
(27) have shown that ingestion of dietary collagen also does
not further increase muscle connective protein synthesis rates
during the early stages of post-exercise recovery.

As dairy protein does not provide much glycine (16,20), we
as well as others have speculated that collagen protein may be
a good source of glycine to support muscle connective protein
conditioning. The role of glycine has been a subject of interest
given its abundance in bodily collagen (17) and its relative in-
sufficiency in most dietary proteins (20,51). It has been sug-
gested that glycine availability may be restrictive to support
connective tissue remodeling (39). However, in contrast,
others described how glycine could rarely (if ever) become lim-
iting for synthesis of even glycine-rich proteins (38,52–54). In
552 Official Journal of the American College of Sports Medicine
the present study, we observed a post-prandial increase in
plasma glycine availability following ingestion of the protein
blend. This is quite different from previous observations show-
ing a decline in plasma glycine availability following post-
exercise dairy protein ingestion (16,19,20). However, the
greater post-prandial plasma glycine availability did not further
increase post-exercise muscle connective protein synthesis
rates. Whether this is attributed to the relative short timeline
of a 5 h post-prandial period (36,40) or that nutritional modula-
tion is not effective beyond the stimulating effect of exercise re-
mains unclear. It is interesting to note that even in the control
treatment (placebo), a large increase in muscle connective pro-
tein synthesis rate was observed in the exercised compared with
the resting leg, without the apparent need for greater circulating
plasma glycine and proline concentrations (Fig. 7). Therefore,
these data imply that endogenous release of glycine and proline
is sufficient to provide ample amino acid precursors to support
the post-exercise increase in muscle connective protein synthe-
sis rates during recovery from exercise.

Leucine is well documented for its important role in stimu-
lating myofibrillar protein synthesis rates (33,55). Further-
more, leucine has been shown to stimulate protein synthesis
rates in tissues other than muscle (56,57). Here we observed
positive moderate correlations between the plasma availability
(iAUC) of leucine and both myofibrillar and muscle connec-
tive protein synthesis rates in both the rested (r = 0.374,
P = 0.0498 and r = 0.421, P = 0.026, respectively) and
exercised (r = 0.632, P < 0.001 and r = 0.421, P = 0.026, re-
spectively) leg. These findings support the concept that leu-
cine not only serves as a trigger for myofibrillar protein
http://www.acsm-msse.org
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synthesis but may also impact muscle connective protein syn-
thesis. Therefore, ingestion of leucine or a leucine-rich protein
blend may support remodeling of both the contractile as well
as connective protein network.

Our data suggest that plasma glycine availability does not
compromise muscle connective protein synthesis rates during
the early stages of post-exercise recovery. However, it should
be noted that other muscoskeletal tissues, such as ligaments,
tendons, cartilage, and bone, are composed of a greater per-
centage of collagen (~75%–95%) when compared with mus-
cle tissue (<5%). The adaptive response of such collagenous
tissues to exercise training or orthopedic surgery may, be more
dependent on dietary glycine provision (58,59). Therefore, fu-
ture studies should also address the dietary amino acid require-
ments of musculoskeletal tissues other than only muscle to op-
timize their conditioning. However, such studies will likely be
restricted to presurgical interventions to assess the impact of
nutritional interventions to modulate connective tissue protein
synthesis rates in such collagen-rich tissues.

CONCLUSIONS

In conclusion, ingestion of a protein blend providing 25 g
whey plus 5 g collagen increases both myofibrillar and muscle
WHEY COLLAGEN BLEND; MUSCLE PROTEIN SYNTHESIS
connective protein synthesis rates at rest. Ingestion of such a
whey plus collagen protein blend further increases myofibril-
lar but not muscle connective protein synthesis rates during
the early stages of post-exercise recovery.

The authors thank Lisa Kuin for her medical assistance, and
Annemarie P. Gijssen, Wendy E. Sluijsmans, and Hasibe Aydeniz for
their analytical support. They also extend their gratitude to all study
participants for their time and commitment. This study was funded by
a public–private cooperation between Maastricht University, the
Netherlands, GELITA AG, Germany, and TKI Health–Holland, the
Netherlands. L.J.C. v. L. and his laboratory have received research
grants, consulting fees, speaking honoraria, or a combination of these
for research on the impact of exercise and nutrition on muscle metab-
olism, which include research funding from companies that produce
collagen such asGELITAAGandPBLeiner. A full overviewon research
funding is provided at https://www.maastrichtuniversity.nl/l.vanloon.
U. B. is an employee of GELITA AG. K. B. has received has also re-
ceived grants, consulting fees, speaking honoraria, and donations from
nutritional companies such as PepsiCo, Bergstrom Nutrition, Ynsect,
and GelTor to study the effect of dietary collagen on endogenous col-
lagen synthesis. T. S. was supported by a research grant from GELITA
AG to perform studies on collagen protein ingestion and post-exercise
recovery. T. A., J. K.,W. J. H. H., F. K. H., A.M. H., J.M. S., J.M. X. v. K.
and J. P. G. G. report no conflicts of interest related to this work. The
results of the study are presented clearly, honestly, and without fabri-
cation, falsification, or inappropriate data manipulation. The results of
the present study do not constitute endorsement by the American Col-
lege of Sports Medicine. This trial was registered at ClinicalTrials.gov
(NCT05386771).
ES
REFERENCES

1. Burd NA,West DW,Moore DR, et al. Enhanced amino acid sensitiv- 11. Cermak NM, de Groot LC, Saris WH, Van Loon LJ. Protein supple-
ity of myofibrillar protein synthesis persists for up to 24 h after resis-
tance exercise in young men. J Nutr. 2011;141(4):568–73.

2. Wilkinson SB, Phillips SM, Atherton PJ, et al. Differential effects of
resistance and endurance exercise in the fed state on signalling mole-
cule phosphorylation and protein synthesis in human muscle. J Phys-
iol. 2008;586(15):3701–17.

3. Trommelen J, Holwerda AM, Senden JM, et al. Casein ingestion
does not increase muscle connective tissue protein synthesis rates.
Med Sci Sports Exerc. 2020;52(9):1983–91.

4. Holwerda AM, Trommelen J, Kouw IW, et al. Exercise plus presleep
protein ingestion increases overnight muscle connective tissue pro-
tein synthesis rates in healthy older men. Int J Sport Nutr Exerc
Metab. 2021;31(3):217–26.

5. Holm L, VanHall G, Rose AJ, et al. Contraction intensity and feeding af-
fect collagen and myofibrillar protein synthesis rates differently in human
skeletal muscle. Am J Physiol Endocrinol Metab. 2010;298(2):E257–69.

6. Moore DR, Phillips SM, Babraj JA, Smith K, Rennie MJ. Myofibril-
lar and collagen protein synthesis in human skeletal muscle in young
men after maximal shortening and lengthening contractions. Am J
Physiol Endocrinol Metab. 2005;288(6):E1153–9.

7. Huijing PA. Muscle as a collagen fiber reinforced composite: a re-
view of force transmission in muscle and whole limb. J Biomech.
1999;32(4):329–45.

8. Moore DR, Robinson MJ, Fry JL, et al. Ingested protein dose re-
sponse of muscle and albumin protein synthesis after resistance exer-
cise in young men. Am J Clin Nutr. 2009;89(1):161–8.

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

10. Hermans WJ, Fuchs CJ, Hendriks FK, et al. Cheese ingestion in-
creases muscle protein synthesis rates both at rest and during recovery
from exercise in healthy, young males: a randomized parallel-group
trial. J Nutr. 2022;152(4):1022–30.
mentation augments the adaptive response of skeletal muscle to
resistance-type exercise training: a meta-analysis. Am J Clin Nutr.
2012;96(6):1454–64.

12. Morton RW, Murphy KT, McKellar SR, et al. A systematic review,
meta-analysis andmeta-regression of the effect of protein supplemen-
tation on resistance training-induced gains in muscle mass and
strength in healthy adults. Br J Sports Med. 2018;52(6):376–84.

13. YangY, Breen L, Burd NA, et al. Resistance exercise enhances myo-
fibrillar protein synthesis with graded intakes of whey protein in older
men. Br J Nutr. 2012;108(10):1780–8.

14. Dideriksen K, Reitelseder S, Malmgaard-Clausen N, et al. No effect
of anti-inflammatory medication on postprandial and postexercise
muscle protein synthesis in elderly men with slightly elevated sys-
temic inflammation. Exp Gerontol. 2016;83:120–9.

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

16. Aussieker T, Hilkens L, Holwerda AM, et al. Collagen protein inges-
tion during recovery from exercise does not increasemuscle connective
protein synthesis rates.Med Sci Sports Exerc. 2023;55(10):1792–802.

17. Eastoe JE. The amino acid composition of mammalian collagen and
gelatin. Biochem J. 1955;61(4):589–600.

18. Holwerda AM, Lenaerts K, Bierau J, Wodzig W, van Loon LJC.
Food ingestion in an upright sitting position increases postprandial
amino acid availability when compared with food ingestion in a lying
down position. Appl Physiol Nutr Metab. 2017;42(7):738–43.

19. Aussieker T, Janssen TAH, Hermans WJH, et al. Coingestion of col-
lagen with whey protein prevents postexercise decline in plasma gly-
cine availability in recreationally active men. Int J Sport Nutr Exerc
Metab. 2024;34(4):189–98.

20. Alcock RD, Shaw GC, Tee N, Burke LM. Plasma amino acid con-
centrations after the ingestion of dairy and collagen proteins, in
healthy active males. Front Nutr. 2019;6:163.
Medicine & Science in Sports & Exercise® 553

https://www.maastrichtuniversity.nl/l.vanloon
http://ClinicalTrials.gov


BA
SI
C
SC

IE
N
C
ES
21. Daneault A, Prawitt J, Fabien Soulé V, CoxamV,Wittrant Y. Biolog-
ical effect of hydrolyzed collagen on bonemetabolism.Crit Rev Food
Sci Nutr. 2017;57(9):1922–37.

22. Shaw G, Lee-Barthel A, Ross ML, Wang B, Baar K. Vitamin C–
enriched gelatin supplementation before intermittent activity aug-
ments collagen synthesis. Am J Clin Nutr. 2017;105(1):136–43.

23. kov K, Oxfeldt M, Thøgersen R, HansenM, Bertram HC. Enzymatic
hydrolysis of a collagen hydrolysate enhances postprandial absorp-
tion rate—a randomized controlled trial. Nutrients. 2019;11(5):1064.

24. Oesser S, Seifert J. Stimulation of type II collagen biosynthesis and
secretion in bovine chondrocytes cultured with degraded collagen.
Cell Tissue Res. 2003;311(3):393–9.

25. Centner C, Jerger S, Mallard A, et al. Supplementation of specific
collagen peptides following high-load resistance exercise upregulates
gene expression in pathways involved in skeletal muscle signal trans-
duction. Front Physiol. 2022;13:838004.

26. Holwerda AM, van Loon LJC. The impact of collagen protein inges-
tion on musculoskeletal connective tissue remodeling: a narrative re-
view. Nutr Rev. 2022;80(6):1497–514.

27. Oikawa SY, Kamal MJ, Webb EK, McGlory C, Baker SK, Phillips
SM. Whey protein but not collagen peptides stimulate acute and
longer-term muscle protein synthesis with and without resistance ex-
ercise in healthy older women: a randomized controlled trial. Am J
Clin Nutr. 2020;111(3):708–18.

28. Oikawa SY,McGlory C, D'Souza LK, et al. A randomized controlled
trial of the impact of protein supplementation on leg lean mass and in-
tegratedmuscle protein synthesis during inactivity and energy restric-
tion in older persons. Am J Clin Nutr. 2018;108(5):1060–8.

29. Abumrad NN, Rabin D, Diamond MP, Lacy WW. Use of a heated
superficial hand vein as an alternative site for the measurement of
amino acid concentrations and for the study of glucose and alanine ki-
netics in man. Metabolism. 1981;30(9):936–40.

30. Monsen ER. Dietary reference intakes for the antioxidant nutrients:
vitamin C, vitamin E, selenium, and carotenoids. J Am Diet Assoc.
2000;100(6):637–40.

31. Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM.
Ingestion of whey hydrolysate, casein, or soy protein isolate: effects
onmixedmuscle protein synthesis at rest and following resistance ex-
ercise in young men. J Appl Physiol (1985). 2009;107(3):987–92.

32. Moore DR, Tang JE, Burd NA, Rerecich T, TarnopolskyMA, Phillips
SM. Differential stimulation of myofibrillar and sarcoplasmic protein
synthesis with protein ingestion at rest and after resistance exercise.
J Physiol. 2009;587(Pt 4):897–904.

33. Churchward-Venne TA, Burd NA, Mitchell CJ, et al. Supplementa-
tion of a suboptimal protein dose with leucine or essential amino
acids: effects on myofibrillar protein synthesis at rest and following
resistance exercise in men. J Physiol. 2012;590(11):2751–65.

34. Babraj JA, Cuthbertson DJ, Smith K, et al. Collagen synthesis in hu-
man musculoskeletal tissues and skin. Am J Physiol Endocrinol
Metab. 2005;289(5):E864–9.

35. Mikkelsen UR, Dideriksen K, AndersenMB, et al. Preserved skeletal
muscle protein anabolic response to acute exercise and protein intake in
well-treated rheumatoid arthritis patients. Arthritis Res Ther. 2015;17:271.

36. Miller BF, Olesen JL, Hansen M, et al. Coordinated collagen and
muscle protein synthesis in human patella tendon and quadriceps
muscle after exercise. J Physiol. 2005;567(3):1021–33.

37. Gheller BJ, Blum JE, Lim EW, et al. Extracellular serine and glycine
are required for mouse and human skeletal muscle stem and progen-
itor cell function. Mol Metab. 2021;43:101106.

38. Yu YM, Yang RD, Matthews DE, et al. Quantitative aspects of gly-
cine and alanine nitrogen metabolism in postabsorptive young men:
effects of level of nitrogen and dispensable amino acid intake. J Nutr.
1985;115(3):399–410.

39. Meléndez-Hevia E, De Paz-Lugo P, Cornish-Bowden A, Cárdenas ML.
A weak link in metabolism: the metabolic capacity for glycine
554 Official Journal of the American College of Sports Medicine
biosynthesis does not satisfy the need for collagen synthesis. J Biosci.
2009;34(6):853–72.

40. Trommelen J, van Lieshout GAA,Nyakayiru J, et al. The anabolic re-
sponse to protein ingestion during recovery from exercise has no up-
per limit in magnitude and duration in vivo in humans.Cell RepMed.
2023;4(12):101324.

41. Kragstrup T, Kjaer M, Mackey A. Structural, biochemical, cellular,
and functional changes in skeletal muscle extracellular matrix with
aging. Scand J Med Sci Sports. 2011;21(6):749–57.

42. Zhang C, Gao Y. Effects of aging on the lateral transmission of force
in rat skeletal muscle. J Biomech. 2014;47(5):944–8.

43. Haus JM, Carrithers JA, Trappe SW, Trappe TA. Collagen, cross-
linking, and advanced glycation end products in aging human skeletal
muscle. J Appl Physiol (1985). 2007;103(6):2068–76.

44. Lis DM, Jordan M, Lipuma T, Smith T, Schaal K, Baar K. Collagen
and vitamin C supplementation increases lower limb rate of force de-
velopment. Int J Sport Nutr Exerc Metab. 2022;32(2):65–73.

45. Trommelen J, Holwerda AM, Kouw IWK, et al. Resistance exercise
augments postprandial overnight muscle protein synthesis rates.Med
Sci Sports Exerc. 2016;48(12):2517–25.

46. Cuthbertson DJ, Babraj J, Smith K, et al. Anabolic signaling and protein
synthesis in human skeletal muscle after dynamic shortening or lengthen-
ing exercise. Am J Physiol Endocrinol Metab. 2006;290(4):E731–8.

47. Mittendorfer B, Andersen JL, Plomgaard P, et al. Protein synthesis
rates in human muscles: neither anatomical location nor fibre-type
composition are major determinants. J Physiol. 2005;563(1):203–11.

48. Pennings B, Koopman R, BeelenM, Senden JM, SarisWH, Van Loon
LJ. Exercising before protein intake allows for greater use of dietary
protein–derived amino acids for de novo muscle protein synthesis in
both young and elderly men. Am J Clin Nutr. 2011;93(2):322–31.

49. Beelen M, Koopman R, Gijsen AP, et al. Protein coingestion stimu-
lates muscle protein synthesis during resistance-type exercise. Am J
Physiol Endocrinol Metab. 2008;295(1):E70–7.

50. Holm L, Rahbek SK, Farup J, VendelboMH, Vissing K. Contraction
mode and whey protein intake affect the synthesis rate of intramuscu-
lar connective tissue. Muscle Nerve. 2017;55(1):128–30.

51. Gorissen SHM, Crombag JJR, Senden JMG, et al. Protein content
and amino acid composition of commercially available plant-based
protein isolates. Amino Acids. 2018;50(12):1685–95.

52. Gersovitz M, Bier D, Matthews D, Udall J, Munro HN, Young VR. Dy-
namic aspects of whole body glycine metabolism: influence of protein in-
take in young adult and elderly males.Metabolism. 1980;29(11):1087–94.

53. Matthews D, Conway J, Young V, Bier D. Glycine nitrogen metabo-
lism in man. Metabolism. 1981;30(9):886–93.

54. Molnar JA, Alpert N,Wagner D,Miyatani S, Burke J, YoungV. Syn-
thesis and degradation of collagens in skin of healthy and protein-
malnourished rats in vivo, studied by 18O2 labelling. Biochem J.
1988;250(1):71–6.

55. Churchward-Venne TA, Breen L, Di Donato DM, et al. Leucine sup-
plementation of a low-protein mixed macronutrient beverage en-
hances myofibrillar protein synthesis in young men: a double-blind,
randomized trial. Am J Clin Nutr. 2013;99(2):276–86.

56. Lynch CJ, Patson BJ, Anthony J, Vaval A, Jefferson LS, Vary TC.
Leucine is a direct-acting nutrient signal that regulates protein synthe-
sis in adipose tissue. Am J Physiol Endocrinol Metab. 2002;283(3):
E503–13.

57. Nair KS, Schwartz RG, Welle S. Leucine as a regulator of whole
body and skeletal muscle protein metabolism in humans. Am J Phys-
iol Endocrinol Metab. 1992;263(5):E928–34.

58. Herwig J, Egner E, Buddecke E. Chemical changes of human knee
joint menisci in various stages of degeneration. Ann Rheum Dis.
1984;43(4):635–40.

59. Fujii K, Yamagishi T, Nagafuchi T, Tsuji M, Kuboki Y. Biochemical
properties of collagen from ligaments and periarticular tendons of the
human knee.Knee Surg Sports Traumatol Arthrosc. 1994;2(4):229–33.
http://www.acsm-msse.org

http://www.acsm-msse.org



