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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 following hydrolyzed collagen, free amino 
acid, and placebo ingestion compared to baseline values which were set at 1 (Figure 3.1). 
Plasma amino acid concentrations are shown in Figures 3.2 and 3.3. Significant time × 
treatment group interactions were observed for total (TAA) and essential amino acid 
(EAA), leucine, glycine, proline, hydroxyproline and hydroxylysine concentrations (all 
P<0.001). Hydrolyzed collagen and free amino acid ingestion increased plasma total 
TAA, EAA, non-essential amino acid (NEAA), leucine, glycine, proline and hydroxyproline 
concentrations. Free amino acid ingestion further increased plasma proline concentra-
tions from t=30 to 45 min and plasma hydroxyproline concentrations from t=45 to 90 min 
compared to hydrolyzed collagen ingestion (P<0.05). Only the ingestion of hydrolyzed 
collagen increased plasma hydroxylysine concentrations. The iAUC values over the whole 
post-prandial period of plasma TAA were higher in AA compared to PLA (P<0.05). There 
were no differences in the iAUC values over the whole post-prandial period of plasma 
EAA and leucine between all three groups (P>0.05). The iAUC results over the entire post-
prandial period of plasma NEAA, glycine, proline and hydroxyproline were higher in COLL 
and AA compared to PLA (P<0.05), with no differences between COLL and AA (P>0.05).

Figure 3.1. Heat map of fold changes from t=0 in plasma amino acid concentrations during the 
experimental test day with placebo, hydrolyzed collagen, or free amino acid ingestion during re-
covery from a single bout of unilateral leg resistance exercise. PLA, placebo (water, n=15); COLL, 
30 g hydrolyzed collagen (n=15); AA, 30 g free amino acid mixture (n=14). TAA, total amino acids; 
EAA, essential amino acids; BCAA, branched-chain amino acids; NEAA, non-essential 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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Figure 3.2. Post-prandial plasma amino acid concentrations following placebo, hydrolyzed colla-
gen, or free amino acid ingestion during recovery from a single bout of unilateral leg resistance 
exercise (t=0–360 min). Data are displayed for TAA (A), EAA (B), and NEAA (C). The dotted line within 
the left column graphs represents the ingestion of the test drink. Values represent means±SD. Data 
were analyzed by a 2-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to de-
tect differences between groups. Treatments without a common letter differ, P<0.05. PLA, placebo 
(water, n=15); COLL, 30 g hydrolyzed collagen (n=15); AA, 30 g free amino acid mixture (n=14). TAA, 
total amino acids; EAA, essential amino acids; NEAA, non-essential amino acids.
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Figure 3.3. Post-prandial plasma leucine, glycine, proline, hydroxyproline, and hydroxylysine con-
centrations following placebo, hydrolyzed collagen, or free amino acid ingestion during recovery 
from a single bout of unilateral leg resistance exercise (t=0–360 min). Data are displayed for leucine 
(A), glycine (B), proline (C), hydroxyproline (D), and hydroxylysine (E). The dotted line represents the 
ingestion of the test-drink. Values represent means±SD. Data were analyzed by a 2-factor repeat-
ed-measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. 
Treatments without a common letter differ, P<0.05. PLA, placebo (water, n=15); COLL, 30 g hydro-
lyzed collagen (n=15); AA, 30 g free amino acid mixture (n=14).
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Stable isotope tracer analyses
Analysis of plasma L-[ring-13C6]-phenylalanine enrichments revealed a significant time 
x treatment group interaction effect (P<0.05; Supplemental Figure 3.3 (Supplemental 
Digital Content 1)). At t=15-90 min plasma L-[ring-13C6]-phenylalanine enrichments were 
higher in PLA when compared with COLL and AA (P<0.05). At t=45-60 min plasma L-
[ring-13C6]-phenylalanine enrichments were the higher in AA when compared with COLL 
(P<0.05). However, time-weighted plasma L-[ring-13C6]-phenylalanine enrichments over 
the entire 4-h basal and 6-h post-prandial period did not differ between groups (P>0.05).

Myofibrillar protein synthesis
Post-absorptive myofibrillar protein synthesis rates averaged 0.033±0.011, 0.029±0.012, 
and 0.032±0.016%·h−1 in the PLA, COLL and AA groups, respectively (Figure 3.4A). Post-
prandial myofibrillar protein synthesis rates in the rested leg over the full 6-h period were 
significantly higher compared to post-absorptive rates at 0.039±0.011, 0.037±0.010, and 
0.036±0.015%·h−1 in the PLA, COLL and AA groups, respectively (time effect P<0.05; Fig-
ure 3.4A). Post-prandial myofibrillar protein synthesis rates in the exercised leg over the 
full 6-h period were significantly higher compared to post-absorptive and rested rates 
at 0.049±0.010, 0.048±0.011, and 0.045±0.013%·h−1 in the PLA, COLL and AA groups, re-
spectively (time effect P<0.05; Figure 3.4A). There were no differences between treatment 
groups for myofibrillar protein synthesis rates in the basal state and during the full 6-h 
post-prandial period in the rested or exercised leg (P>0.05).

A secondary analysis for myofibrillar protein synthesis rates in the early (t=0-180 min) and 
late (t=180-360 min) recovery from exercise period has been performed and revealed 
a significant time x treatment group interaction effect (P<0.05; Figure 3.4B). In both 
the early and late recovery period the exercised leg showed higher myofibrillar protein 
synthesis rates when compared with the non-exercised leg (P<0.05) with no differences 
between treatment groups (P>0.05).

Muscle connective protein synthesis
Post-absorptive muscle connective protein synthesis rates averaged 0.060±0.022, 
0.058±0.022, and 0.061±0.022%·h−1 in the PLA, COLL and AA groups, respectively (Figure 
3.5A). Post-prandial muscle connective protein synthesis rates in the rested leg over the 
full 6-h period averaged 0.065±0.014, 0.063±0.017, and 0.061±0.025%·h−1 in the PLA, 
COLL and AA groups, respectively (Figure 3.5A). Post-prandial muscle connective protein 
synthesis rates in the exercised leg over the full 6-h period (0.098±0.023, 0.092±0.028, and 
0.085±0.024%·h−1 in the PLA, COLL and AA groups, respectively) were significantly higher 
compared to post-absorptive and rested rates (time effect P<0.05; Figure 3.5A). There were 
no differences between treatment groups for muscle connective protein synthesis rates in a 
basal state and during the full 6-h post-prandial period in the rested or exercised leg (P>0.05).
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A secondary analysis for muscle connective protein synthesis rates in the early (t=0-180 
min) and late (t=180-360 min) recovery from exercise period has been performed (Figure 
3.5B). In both the early and late recovery period the exercised leg showed higher muscle 
connective protein synthesis rates when compared with the non-exercised leg (P<0.05) 
with no differences between treatment groups (P>0.05).

Figure 3.4. Fractional myofibrillar protein synthesis rates (%.h-1) after placebo, hydrolyzed collagen, 
or free amino acid ingestion during recovery from a single bout of unilateral leg resistance exercise. 
(A) shows values for basal (t=-240–0 min) and full post-prandial rates (t=0–360 min), (B) shows val-
ues for the early (t=0–180 min) and late (t=180–360 min) post prandial response. Values represent 
means±SD. In (A) data were analyzed by a 2-factor repeated-measures ANOVA and in (B) by a 3-fac-
tor repeated-measures ANOVA. Bonferroni post hoc testing was used when appropriate. *, different 
from basal, P<0.05. #, different from REST, P<0.05. FSR, fractional synthesis rate; PLA, placebo (water, 
n=14); COLL, 30 g hydrolyzed collagen (n=15; 14 for 7B); AA, 30 g free amino acid mixture (n=14); 
REST, rested leg: EX, exercised leg.
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Protein signaling
There were no significant condition × treatment group interactions for any western blot 
targets (Figure 3.6, all P>0.05). MMP1 level was higher in the exercised leg at t=360 min 
for COLL and AA when compared to PLA (P<0.05). MMP8 level was higher in the rested 
leg at t=360 min when compared to the exercised leg at t=180 min (P<0.05), with no 
differences between treatment groups (P>0.05).

Figure 3.5. Fractional muscle connective protein synthesis rates (%.h-1) after placebo, hydrolyzed collagen, or 
free amino acid ingestion during recovery from a single bout of unilateral leg resistance exercise. (A) shows val-
ues for basal (t=-240–0 min) and full post-prandial rates (t=0–360 min), (B) shows values for the early (t=0–180 
min) and late (t=180–360 min) post prandial response. Values represent means±SD. In (A) data were analyzed by 
a 2-factor repeated-measures ANOVA and in (B) by a 3-factor repeated-measures ANOVA. Bonferroni post hoc 
testing was used when appropriate. *, different from basal, P<0.05. #, different from REST, P<0.05. FSR, fractional 
synthesis rate; PLA, placebo (water, n=14); COLL, 30 g hydrolyzed collagen (n=15; 14 for 8B); AA, 30 g free amino 
acid mixture (n=14); REST, rested leg: EX, exercised leg.
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Figure 3.6. Skeletal muscle phosphorylation status (ratio of phosphorylated to total protein) of (A) 
SP1.D8, (B) MMP1, (C) MMP8, (D) rpS6 (Ser240/Ser244), (E) peEF2 (Thr56) and (F) pERK (Thr 202/Tyr 
204), all measured by the western blot technique. Values represent means±SD. Data were analyzed 
by a 2-factor repeated-measures ANOVA. Bonferroni post hoc testing was used when appropriate. †, 
different from PLA, P<0.05. ††, different from EX180, P<0.05. PLA, placebo (water, n=14); COLL, 30 g 
hydrolyzed collagen (n=14); AA, 30 g free amino acid mixture (n=14); REST, rested leg: EX, exercised 
leg.
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Skin protein synthesis
Skin protein synthesis rates ranged from 0.003 to 0.071%·h−1 and averaged 0.024±0.012, 
0.024±0.019, and 0.030±0.017%·h−1 in the PLA, COLL and AA groups, respectively (Figure 
3.7). There were no differences in skin protein synthesis rates between treatment groups 
(P>0.05). Skin protein synthesis rates were significantly lower when compared to myofi-
brillar or muscle connective protein synthesis rates (both P<0.05). 

Figure 3.7. Fractional skin protein synthesis rates (%.h-1) after placebo, hydrolyzed collagen, or free 
amino acid ingestion during the entire post-prandial period (t=0–360 min) and recovery from a 
single bout of unilateral leg resistance exercise. Values represent means±SD. Data were analyzed by 
a 1-factor ANOVA. FSR, fractional synthesis rate; PLA, placebo (water, n=15); COLL, 30 g hydrolyzed 
collagen (n=15); AA, 30 g free amino acid mixture (n=14).
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DISCUSSION

In the present study, an acute bout of resistance exercise strongly increased both myo-
fibrillar and muscle connective protein synthesis rates. Ingestion of a single bolus of 30 
g hydrolyzed collagen or an equivalent amount of free amino acids strongly increased 
circulating amino acid concentrations but did not (further) increase myofibrillar or 
muscle connective protein synthesis rates at rest or during recovery from exercise. In 
addition, we were able to measure skin protein synthesis rates, ranging between 0.003 
and 0.071%·h−1, which were unresponsive to the ingestion of hydrolyzed collagen or the 
equivalent amount of free amino acids, throughout a 6-h post-prandial period. 

Ingestion of 30 g hydrolyzed collagen rapidly increased plasma amino acid concentra-
tions (Figures 3.2 and 3.3). The rapid and substantial increase in plasma hydroxyproline 
and hydroxylysine concentrations (Figure 3.3D/E) provides evidence that the ingested 
collagen was readily digested and absorbed, which is in line with previous findings from 
our lab (8) as well as others (32-34). The post-prandial rise in plasma glycine and proline 
concentrations aligns well with previous research (8, 32) and provides a rational for the 
proposed efficacy of collagen supplementation to support connective tissue remodel-
ing. Of course, the greater glycine and proline content of dietary collagen comes at the 
expense of other amino acids. Post-prandial increases in essential amino acids following 
collagen ingestion (Figures 3.2B) were much lower when compared to previous observa-
tions of post-prandial amino acid responses following ingestion of equivalent amounts of 
dairy protein (8, 18, 26, 48). The latter may be the main reason for the inability of hydro-
lyzed collagen ingestion to increase myofibrillar protein synthesis rates either at rest or 
during recovery from exercise (8, 35, 36, 44). Consistent with this hypothesis, we did not 
detect a significant increase in myofibrillar protein synthesis rates following the ingestion 
of 30 g hydrolyzed collagen either at rest or during acute recovery from the unilateral 
bout of exercise (Figure 3.4).

Despite the substantial increase in post-prandial plasma glycine and proline availability, 
muscle connective protein synthesis rates following hydrolyzed collagen ingestion did 
not differ from the placebo condition (Figure 3.5). These findings are in agreement with 
previous findings from our lab (8) as well as others (35) and provide further evidence that 
the acute muscle connective protein synthetic response is not affected by (hydrolyzed 
collagen) protein feeding. From our data it seems evident that systemic glycine avail-
ability does not restrict the acute post-prandial or post-exercise increase in connective 
tissue protein synthesis rates (Figure 3.3B and 3.5). Interestingly, when looking at the time 
response in tissue protein synthesis during recovery from exercise (Figures 3.4B and 3.5B), 
there may be a time dependency with higher muscle connective protein synthesis rates 
following hydrolyzed collagen ingestion compared to placebo during the early as op-
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posed to the latter stages of post-exercise recovery. Though we can only speculate, this 
may indicate that the increase in connective tissue protein synthesis rates is augmented 
early, but that sufficient amino acid precursors are not available to support synthesis over 
an extended period. To gain more insight into the regulation of the muscle connective 
protein synthetic response to amino acid precursor availability, we assessed the protein 
signaling levels of selected targets involved in muscle anabolism, collagen synthesis, and 
collagen degradation (Figure 3.6). The most interesting finding was that MMP-1 and -8 
levels appear to show a feeding affect at 6 hours, increasing in both the hydrolyzed col-
lagen and AA groups compared to the placebo control. We chose to look at MMP-1 and 
-8 since they are two of the most important enzymes for degrading interstitial collagen 
I. An increase in these enzymes could reflect the onset of greater collagen turnover. Cor-
relation analysis revealed no relevant associations between the MMPs and also not be-
tween MMPs and muscle protein synthesis data. More work will be needed to determine 
whether the provision of multiple doses of hydrolyzed collagen over day(s) or weeks may 
augment muscle remodeling during more prolonged exercise training. For now, these 
findings add to the body of evidence that ingestion of a single bolus of hydrolyzed col-
lagen does not directly augment myofibrillar and muscle connective protein synthesis 
rates at rest or during acute recovery from exercise (8, 35, 36, 44). 

The proposed anabolic properties of collagen peptides have been attributed to the pres-
ence of bioactive peptides. The presence of bioactive peptides in hydrolyzed collagen 
have been hypothesized to function as signaling molecules that stimulate post-prandial 
muscle connective protein synthesis rates. Following the ingestion of hydrolyzed colla-
gen, bioactive peptides have been measured in the circulation (49-51). Furthermore, in 
vitro research suggests that such peptides may stimulate connective tissue synthesis (40, 
42, 43). To differentiate between the potential anabolic properties of hydrolyzed collagen 
ingestion on tissue protein synthesis via the provision of ample amounts of glycine and 
proline or via the proposed anabolic properties of potential bioactive peptides present 
in hydrolyzed collagen, we provided one group of subjects with hydrolyzed collagen and 
another group with an equivalent amount of the free amino acids contained in collagen. 
Ingestion of the free amino acid mixture strongly increased circulating plasma amino acid 
concentrations with levels that were similar to those observed following the ingestion of 
hydrolyzed collagen (Figures 3.2 and 3.3). This further supports the previous observation 
that hydrolyzed collagen is rapidly digested and absorbed. In line with hydrolyzed colla-
gen ingestion, no differences in myofibrillar or muscle connective protein synthesis rates 
were measured at rest or during recovery from exercise when compared with placebo 
(Figure 3.4 and 5). Consequently, we were unable to differentiate between an acute post-
prandial anabolic response to either the increased provision of amino acid precursors or 
to the release of bioactive peptides with anabolic signaling properties.
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Our data suggest that increasing plasma glycine and proline availability does not further 
increase muscle connective protein synthesis rates at rest or during recovery from exer-
cise. This implies that there is little support to favor collagen over other protein sources 
to support muscle connective protein network conditioning during the acute stages of 
post-exercise recovery. Collagen supplements are often proposed to support recondi-
tioning of tissues other than muscle. It is important to note that muscle as a whole (29, 
52-54), and the muscle connective protein fraction, contain less than 5% collagen (55). 
Therefore, hydrolyzed collagen ingestion may be more relevant to support recovery and 
reconditioning of other musculoskeletal tissues that have a greater collagen content, 
including ligaments, tendons, cartilage, and bone (that range from ~60 to 95% collagen) 
(56-59). In the present study we did not set out to assess the impact of hydrolyzed col-
lagen ingestion on connective tissue protein synthesis rates in these tissues. However, 
we did include skin biopsy sampling given its substantial collagen content (58) and the 
relative ease of collecting skin tissue samples (46). Skin protein synthesis rates were lower 
than muscle protein synthesis rates (Figure 3.7 compared to 3.4 and 3.5) and are in line 
with previous work (29). We extend the previous work by showing that a single bolus 
of hydrolyzed collagen ingestion does not increase skin protein synthesis rates. Whether 
(more prolonged) collagen supplementation increases connective protein synthesis rates 
in more collagen dense tissues, such as tendons, ligaments, cartilage, and bone remain to 
be tested. 

In conclusion, an acute bout of resistance exercise increases both myofibrillar and muscle 
connective protein synthesis rates in recreationally active men and women. Ingestion of 
a single 30 g dose of hydrolyzed collagen or an equivalent amount of free amino acids 
increases plasma amino acid concentrations but does not increase myofibrillar or muscle 
connective protein synthesis rates in healthy, recreationally active, young men and 
women. A more sustained provision of collagen, the addition of vitamin C, longer assess-
ment periods, and/or longer-term interventions may be required to detect the proposed 
benefits of collagen hydrolysate supplementation on connective tissue remodeling. 



Chapter 3

70

The authors thank Lisanne H.P. Houben for her medical assistance. They also extend their 
gratitude to all study participants for their time and commitment. 

This study was funded by funded by a public-private cooperation between Maastricht 
University, The Netherlands and the Tessenderlo Group NV, Belgium.

L.J.C. vL. and his laboratory has received research grants, consulting fees, speaking 
honoraria, or a combination of these for research on the impact of exercise and nutrition 
on muscle metabolism, which include research funding from companies that produce 
collagen such as Gelita and Tessenderlo Group NV. A full overview on research funding 
is provided at https://www.maastrichtuniversity.nl/l.vanloon. T.S. was supported by a 
research grant from Gelita AR to perform studies on collagen protein ingestion and post-
exercise recovery. A.M.H. was supported by a research grant from Tessenderlo Group NV. 
K. Baar has also received 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 collagen synthesis. T.A., J.K., F.K.H., T.A.H.J., 
J.M.S., J.M.X.vK., J.P.B.G., A.Z., E.K. and T.B. report no conflicts of interest related to this 
work. The authors declare that the results of the study are presented clearly, honestly, 
and without fabrication, falsification, or inappropriate data manipulation. The results 
of the present study do not constitute endorsement by the American College of Sports 
Medicine. 

This trial was registered at the Dutch Trial Register (NL9235). 



71

Hydrolyzed collagen versus free amino acids

3

REFERENCES

1.	 Koopman R, van Loon LJ. Aging, exercise, and muscle protein metabolism. J Appl Physiol 
(1985). 2009;106(6):2040-8.

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

3.	 Gillies AR, Lieber RL. Structure and function of the skeletal muscle extracellular matrix. 
Muscle & nerve. 2011;44(3):318-31.

4.	 Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. Increased rates of muscle protein 
turnover and amino acid transport after resistance exercise in humans. American Journal of 
Physiology-Endocrinology and Metabolism. 1995;268(3):E514-E20.

5.	 Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. Mixed muscle protein synthesis and 
breakdown after resistance exercise in humans. American Journal of Physiology-Endocrinol-
ogy and Metabolism. 1997;273(1):E99-E107.

6.	 Trommelen J, Holwerda AM, Senden JM et al. Casein Ingestion Does Not Increase Muscle 
Connective Tissue Protein Synthesis Rates. Medicine and Science in Sports and Exercise. 
2020;52(9):1983-91.

7.	 Holwerda AM, Trommelen J, Kouw IW et al. Exercise Plus Presleep Protein Ingestion Increases 
Overnight Muscle Connective Tissue Protein Synthesis Rates in Healthy Older Men. Interna-
tional Journal of Sport Nutrition and Exercise Metabolism. 2021;31(3):217-26.

8.	 Aussieker T, Hilkens L, Holwerda AM et al. Collagen Protein Ingestion during Recovery from 
Exercise Does Not Increase Muscle Connective Protein Synthesis Rates. Medicine and Sci-
ence in Sports and Exercise. 2023;55(10):1792.

9.	 Trommelen J, Holwerda AM, Kouw IWK et al. Resistance exercise augments postpran-
dial overnight muscle protein synthesis rates. Medicine and Science in Sports and Exercise. 
2016;48:2517-25.

10.	 Aussieker T, Kaiser J, Hermans WJH et al. Ingestion of a Whey Plus Collagen Protein Blend 
Increases Myofibrillar and Muscle Connective Protein Synthesis Rates. Medicine and Science 
in Sports and Exercise. 2024 b;Online ahead of print.

11.	 Burd NA, West DW, Moore DR et al. Enhanced amino acid sensitivity of myofibrillar protein 
synthesis persists for up to 24 h after resistance exercise in young men. J Nutr. 2011;141(4):568

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

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

14.	 Holm L, Van Hall G, Rose AJ et al. Contraction intensity and feeding affect collagen and 
myofibrillar protein synthesis rates differently in human skeletal muscle. American Journal of 
Physiology-Endocrinology and Metabolism. 2010;298(2):E257-E69.

15.	 Mikkelsen UR, Dideriksen K, Andersen MB et al. Preserved skeletal muscle protein anabolic 
response to acute exercise and protein intake in well-treated rheumatoid arthritis patients. 
Arthritis research & therapy. 2015;17(1):1-19.

16.	 Miller BF, Olesen JL, Hansen M et al. Coordinated collagen and muscle protein synthesis 
in human patella tendon and quadriceps muscle after exercise. The Journal of physiology. 
2005;567(3):1021



Chapter 3

72

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

18.	 Moore DR, Tang JE, Burd NA et al. 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.

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

20.	 Pennings B, Koopman R, Beelen M et al. 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. The American journal of clinical nutrition. 2011;93(2):322-31.

21.	 Beelen M, Koopman R, Gijsen AP et al. Protein coingestion stimulates muscle protein syn-
thesis during resistance-type exercise. American Journal of Physiology-Endocrinology and 
Metabolism. 2008;295(1):E70-E7.

22.	 Biolo G, Tipton KD, Klein S, Wolfe RR. An abundant supply of amino acids enhances the meta-
bolic effect of exercise on muscle protein. American Journal of Physiology-Endocrinology 
and Metabolism. 1997;273(1):E122-E9.

23.	 Cermak NM, de Groot LC, Saris WH, Van Loon LJ. Protein supplementation augments the 
adaptive response of skeletal muscle to resistance-type exercise training: a meta-analysis. 
The American journal of clinical nutrition. 2012;96(6):1454-64.

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

25.	 Burd NA, Gorissen SH, van Vliet S, Snijders T, van Loon LJ. Differences in postprandial protein 
handling after beef compared with milk ingestion during postexercise recovery: a random-
ized controlled trial. Am J Clin Nutr. 2015;102(4):828-36.

26.	 Witard OC, Jackman SR, Breen L et al. Myofibrillar muscle protein synthesis rates subsequent 
to a meal in response to increasing doses of whey protein at rest and after resistance exer-
cise. The American Journal of Clinical Nutrition. 2014;99(1):86-95.

27.	 Holwerda AM, Paulussen KJM, Overkamp M et al. Dose-Dependent Increases in Whole-Body 
Net Protein Balance and Dietary Protein-Derived Amino Acid Incorporation into Myofibrillar 
Protein During Recovery from Resistance Exercise in Older Men. The Journal of Nutrition. 
2019;149(2):221

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

29.	 Babraj JA, Cuthbertson DJ, Smith K et al. Collagen synthesis in human musculoskeletal tissues 
and skin. American Journal of Physiology-Endocrinology and Metabolism. 2005;289(5):E864-
E9.

30.	 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 systemic inflammation. Experimental gerontology. 2016;83:120-9.

31.	 Aussieker T, Janssen TAH, Hermans WJH et al. Coingestion of Collagen With Whey Protein 
Prevents Postexercise Decline in Plasma Glycine Availability in Recreationally Active Men. 
International Journal of Sport Nutrition and Exercise Metabolism. 2024 a:1-10.

32.	 Alcock RD, Shaw GC, Tee N, Burke LM. Plasma Amino Acid Concentrations After the Ingestion 
of Dairy and Collagen Proteins, in Healthy Active Males. Frontiers in Nutrition. 2019;6(163).



73

Hydrolyzed collagen versus free amino acids

3

33.	 Skov K, Oxfeldt M, Thøgersen R, Hansen M, Bertram HC. Enzymatic hydrolysis of a collagen 
hydrolysate enhances postprandial absorption rate—A randomized controlled trial. Nutri-
ents. 2019;11(5):1064.

34.	 Shaw G, Lee-Barthel A, Ross ML, Wang B, Baar K. Vitamin C-enriched gelatin supplementation 
before intermittent activity augments collagen synthesis. The American journal of clinical 
nutrition. 2017;105(1):136-43.

35.	 Oikawa SY, Kamal MJ, Webb EK et al. Whey protein but not collagen peptides stimulate acute 
and longer-term muscle protein synthesis with and without resistance exercise in healthy 
older women: a randomized controlled trial. The American Journal of Clinical Nutrition. 
2020;111(3):708-18.

36.	 Oikawa SY, Macinnis MJ, Tripp TR et al. Lactalbumin, Not Collagen, Augments Muscle 
Protein Synthesis with Aerobic Exercise. Medicine and Science in Sports and Exercise. 
2020;52(6):1394-403.

37.	 Daneault A, Prawitt J, Fabien Soulé V, Coxam V, Wittrant Y. Biological effect of hydrolyzed col-
lagen on bone metabolism. Critical Reviews in Food Science and Nutrition. 2017;57(9):1922-
37.

38.	 Zague V, do Amaral JB, Rezende Teixeira P et al. Collagen peptides modulate the metabolism 
of extracellular matrix by human dermal fibroblasts derived from sun‐protected and sun‐ex-
posed body sites. Cell biology international. 2018;42(1):95-104.

39.	 Yamada S, Yoshizawa Y, Kawakubo A et al. Early gene and protein expression associated with 
osteoblast differentiation in response to fish collagen peptides powder. Dental Materials 
Journal. 2013;32(2):233-40.

40.	 Edgar S, Hopley B, Genovese L et al. Effects of collagen-derived bioactive peptides and natu-
ral antioxidant compounds on proliferation and matrix protein synthesis by cultured normal 
human dermal fibroblasts. Scientific Reports. 2018;8(1):1-13.

41.	 Oesser S, Adam M, Babel W, Seifert J. Oral administration of 14C labeled gelatin hydrolysate 
leads to an accumulation of radioactivity in cartilage of mice (C57/BL). The Journal of nutri-
tion. 1999;129(10):1891-5.

42.	 Ohara H, Ichikawa S, Matsumoto H et al. Collagen‐derived dipeptide, proline‐hydroxyproline, 
stimulates cell proliferation and hyaluronic acid synthesis in cultured human dermal fibro-
blasts. The Journal of dermatology. 2010;37(4):330-8.

43.	 Shigemura Y, Iwai K, Morimatsu F et al. Effect of prolyl-hydroxyproline (Pro-Hyp), a food-
derived collagen peptide in human blood, on growth of fibroblasts from mouse skin. Journal 
of agricultural and food chemistry. 2009;57(2):444-9.

44.	 Oikawa SY, McGlory C, D’Souza LK et al. A randomized controlled trial of the impact of 
protein supplementation on leg lean mass and integrated muscle protein synthesis during 
inactivity and energy restriction in older persons. The American Journal of Clinical Nutrition. 
2018;108(5):1060

45.	 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 glu-
cose and alanine kinetics in man. Metabolism. 1981;30(9):936-40.

46.	 Zuber TJ. Punch biopsy of the skin. Am Fam Physician. 2002;65(6):1155-8, 61-2, 64.
47.	 Monsen ER. Dietary reference intakes for the antioxidant nutrients: vitamin C, vitamin E, sele-

nium, and carotenoids. Journal of the Academy of Nutrition and Dietetics. 2000;100(6):637.
48.	 Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM. Ingestion of whey hydrolysate, 

casein, or soy protein isolate: effects on mixed muscle protein synthesis at rest and following 
resistance exercise in young men. Journal of Applied Physiology. 2009;107(3):987-92.



Chapter 3

74

49.	 Iwai K, Hasegawa T, Taguchi Y et al. Identification of food-derived collagen peptides in hu-
man blood after oral ingestion of gelatin hydrolysates. J Agric Food Chem. 2005;53(16):6531-
6.

50.	 Ohara H, Matsumoto H, Ito K, Iwai K, Sato K. Comparison of quantity and structures of 
hydroxyproline-containing peptides in human blood after oral ingestion of gelatin hydroly-
sates from different sources. J Agric Food Chem. 2007;55(4):1532-5.

51.	 Aito-Inoue M, Ohtsuki K, Nakamura Y et al. Improvement in isolation and identification of 
food-derived peptides in human plasma based on precolumn derivatization of peptides 
with phenyl isothiocyanate. J Agric Food Chem. 2006;54(15):5261-6.

52.	 Berria R, Wang L, Richardson DK et al. Increased collagen content in insulin-resistant skeletal 
muscle. American Journal of Physiology-Endocrinology and Metabolism. 2006;290(3):E560-
E5.

53.	 Haus JM, Carrithers JA, Carroll CC, Tesch PA, Trappe TA. Contractile and connective tissue pro-
tein content of human skeletal muscle: effects of 35 and 90 days of simulated microgravity 
and exercise countermeasures. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology. 2007;293(4):R1722-R7.

54.	 Haus JM, Carrithers JA, Trappe SW, Trappe TA. Collagen, cross-linking, and advanced 
glycation end products in aging human skeletal muscle. Journal of applied physiology. 
2007;103(6):2068-76.

55.	 Holwerda AM, Weijzen MEG, Zorenc A et al. One Week of Single Leg Immobilization Lowers 
Muscle Connective Protein Synthesis Rates in Healthy, Young Adults. Medicine & Science in 
Sports & Exercise. 2023:10.1249/MSS.0000000000003342.

56.	 Fujii K, Yamagishi T, Nagafuchi T, Tsuji M, Kuboki Y. Biochemical properties of collagen from 
ligaments and periarticular tendons of the human knee. Knee Surgery, Sports Traumatology, 
Arthroscopy. 1994;2(4):229-33.

57.	 Herwig J, Egner E, Buddecke E. Chemical changes of human knee joint menisci in various 
stages of degeneration. Annals of the rheumatic diseases. 1984;43(4):635-40.

58.	 Oikarinen A. Aging of the skin connective tissue: how to measure the biochemical and me-
chanical properties of aging dermis. Photodermatology, photoimmunology & photomedi-
cine. 1994;10(2):47-52.

59.	 Ricard-Blum S. The collagen family. Cold Spring Harb Perspect Biol. 2011;3(1):a004978.



75

Hydrolyzed collagen versus free amino acids

3

SUPPLEMENTAL MATERIAL

Supplemental figure 3.1. Schematic representation of the experimental design. Created with Bio-
Render.com. 
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Supplemental table 3.1. Amino acid profiles of the test beverages.

Amino acids PLA COLL FAA

Alanine (g) 0 2.52 2.52

Arginine (g) 0 2.31 2.31

Aspartic acid (g) 0 1.35 1.35

Cysteine (g) 0 0 0

Glutamic acid (g) 0 3.00 3.00

Glycine (g) 0 6.99 6.99

Histidine (g) 0 0.27 0.27

Hydroxylysine (g) 0 0.45 0

Hydroxyproline (g) 0 3.69 3.69

Isoleucine (g) 0 0.36 0.36

Leucine (g) 0 0.78 0.78

Lysine (g) 0 0.99 0.99

Methionine (g) 0 0.27 0.27

Phenylalanine (g) 0 0.48 0.48

Proline (g) 0 4.11 4.11

Serine (g) 0 1.02 1.02

Threonine (g) 0 0.57 0.57

Tryptophan (g) 0 0 0

Tyrosine (g) 0 0.18 0.18

Valine (g) 0 0.66 0.66

ƩNEAA (g) 0 25.9 25.4

ƩEAA (g) 0 4.1 4.1

ƩAA (g) 0 30.0 29.6

PLA: non-caloric flavored water, COLL: 30 g hydrolyzed collagen, FAA: 30 g free amino acid mixture; 
ƩNEAA: sum total nonessential amino acids; ƩEAA: sum total essential amino acids; ƩAA: sum total 
amino acids. The amino acid content for COLL was extracted from= the certificate of analysis.
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Supplemental figure 3.2. Postprandial plasma glucose (A) and insulin (B) concentrations following 
placebo, hydrolyzed collagen or free amino acid ingestion during recovery from a single bout of 
unilateral leg resistance exercise (t=0–360 min). The dotted line represents the ingestion of the test 
drink. Values represent means±SD. Data were analyzed by a 2-factor repeated-measures ANOVA. 
Bonferroni post hoc testing was used to detect differences between groups. Treatments without a 
common letter differ, P<0.05. PLA, placebo (water, n=15); COLL, 30 g hydrolyzed collagen (n=15); AA, 
30 g free amino acid mixture (n=14).

Supplemental figure 3.3. Plasma L-[ring-13C6]-phenylalanine enrichments (MPE) before (t=-180-0 
min) and after placebo, hydrolyzed collagen, or free amino acid ingestion during recovery from a 
single bout of unilateral leg resistance exercise (t=0–360 min). The dotted line represents the inges-
tion of the test drink. Values represent means±SD. Data were analyzed by a 2-factor repeated-mea-
sures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. Treat-
ments without a common letter differ, P<0.05. PLA, placebo (water, n=15); COLL, 30 g hydrolyzed 
collagen (n=15); AA, 30 g free amino acid mixture (n=14).
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ABSTRACT

INTRODUCTION
Whey protein ingestion during the recovery from exercise increases myofibrillar but not 
muscle connective protein synthesis rates. It has been speculated that whey protein 
does not provide sufficient glycine to maximize post-exercise muscle connective protein 
synthesis rates. In the present study, we assessed the impact of coingesting different 
amounts of collagen with whey protein as a nutritional strategy to increase plasma gly-
cine availability during recovery from exercise. 

METHODS
In a randomized, double-blind, cross-over design, 14 recreationally active males (age: 
26±5 y; BMI: 23.8±2.1 kg·m-2) ingested in total 30 g protein, provided as whey protein 
with 0g (WHEY), 5 g (WC05); 10 g (WC10) and 15 g (WC15) of collagen protein immedi-
ately after a single bout of resistance exercise. Blood samples were collected frequently 
over 6h of post-exercise recovery to assess post-prandial plasma amino acid kinetics and 
availability. 

RESULTS
Protein ingestion strongly increased plasma amino acid concentrations (P<0.001) with no 
differences in plasma total amino acid availability between treatments (P>0.05). The post-
prandial rise in plasma leucine and essential amino acid availability was greater in WHEY 
compared to the WC10 and WC15 treatments (P<0.05). Plasma glycine and non-essential 
amino acid concentrations declined following whey protein ingestion, but increased fol-
lowing collagen coingestion (P<0.05). Post-prandial plasma glycine availability averaged 
-8.9±5.8, 9.2±3.7, 23.1±6.5 and 39.8±11.0 mmol·360 min/L in WHEY, WC05, WC10, and 
WC15, respectively (incremental area under curve values, P<0.05). 

CONCLUSION
Coingestion of a small amount of collagen (5 g) with whey protein (25 g) is sufficient to 
prevent the decline in plasma glycine availability during recovery from lower body resis-
tance type exercise in recreationally active males.
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INTRODUCTION

Exercise increases muscle protein synthesis rates (1). This includes substantial increases 
in both myofibrillar (2) and muscle connective protein (3-5) synthesis rates. Whereas the 
impact of exercise on myofibrillar protein synthesis lies in conditioning the contractile 
protein network, the impact on muscle connective protein synthesis lies in improving the 
connective tissue network responsible for transferring forces generated by the contractile 
apparatus (6). 

Protein ingestion during recovery from exercise further increases post-exercise muscle 
protein synthesis rates (7, 8) and can be applied as a nutritional strategy to further aug-
ment gains in muscle mass and strength following prolonged resistance exercise training 
(9). Ingestion of 20-25 g whey protein has been shown to strongly augment myofibrillar 
protein synthesis rates during recovery from exercise (8, 10). In contrast, muscle collagen 
synthesis rates do not seem to be nutritionally sensitive at rest (11, 12). Furthermore, 
ingestion of whey or milk protein does not seem to affect post-exercise muscle connec-
tive protein synthesis rates (3, 4, 13). The proposed inability of dairy protein ingestion to 
further augment post-exercise muscle connective protein synthesis rates may be attrib-
uted to the type of protein ingested. Prior work from our laboratory (14, 15) has shown 
that dairy protein ingestion during recovery from exercise is accompanied by a decline 
in circulating glycine concentrations, despite the substantial rise in circulating essential 
amino acids (EAA). As connective protein and its main constituent collagen are rich in 
glycine and proline (16), it has been speculated that dairy protein ingestion may provide 
insufficient glycine as precursors to support a further rise in post-exercise muscle connec-
tive protein synthesis rates (17, 18).

Collagen protein has a high glycine and proline content and, as such, has been advocated 
as a protein source that could stimulate connective tissue, skin and bone protein synthe-
sis rates (17-19). However, we (15) as well as others (20, 21) have not been able to show 
a stimulating effect of collagen protein ingestion on myofibrillar or muscle connective 
protein synthesis rates during recovery from exercise. The latter is not surprising as col-
lagen protein has been suggested to be a low-quality protein, due to a lower essential 
amino acid and leucine content (17). It has been hypothesized that a protein blend con-
taining both whey and collagen protein would be preferred to stimulate both myofibrillar 
and muscle connective protein synthesis rates by providing ample EAA, and leucine in 
particular, while preventing a decline in circulating plasma glycine availability. 

In the present study, we recruited 15 recreationally active males to assess the impact of 
coingesting 3 different doses of collagen protein with whey protein on post-prandial 
plasma amino acid availability during recovery from an acute bout of resistance exercise. 
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This study determines the dosage of collagen required to prevent a post-exercise decline 
in plasma glycine availability when coingested with whey protein.

METHODS

Participants
A total of 15 healthy, young men (age: 26±5 y; BMI: 23.8±2.1 kg·m-2) volunteered to 
participate in this cross-over, double-blind, randomized controlled trial. Participants’ 
characteristics are presented in Table 4.1. One subject dropped out because of schedul-
ing conflicts, resulting in 14 participants that completed all trials. After pretesting, partici-
pants completed 4 test days in a randomized order during which they consumed a study 
beverage with either 30 g of protein in form of only whey protein (WHEY), or as a blend of 
whey and collagen protein with different ratios: 25 g whey and 5 g collagen (WC05); 20 g 
whey and 10 g collagen (WC10); or 15 g whey and 15 g collagen (WC15). All participants 
were informed of the nature and possible risks of the experimental procedures, before 
their written informed consent was obtained. This study was approved by the Medical 
Ethical Committee of the Maastricht University Medical Centre and conformed to the 
principles outlined in the declaration of Helsinki for use of human participants and tissue. 
The trial was registered at the Netherlands Trial Register (NL8748) and was conducted be-
tween February 2021 and May 2021 at Maastricht University Medical Centre+, Maastricht, 
The Netherlands. Clinical Trial Center Maastricht independently monitored the study.

Table 4.1. Baseline participants’ characteristics and average 2-day dietary intake prior to the experi-
mental test days.

Age, y 26±5

Height, m 1.84±0.06

Weight, kg 80.9±8.7

BMI, kg/m2 23.8±2.1

Lean body mass, kg 62.0±7.5

Body fat, % 20.4±3.9

1RM leg press, kg 228±48

1RM leg extension, kg 130±19

Energy (MJ· d−1) 9.75±1.69

Carbohydrate (g· d−1) 270±42

Fat (g· d−1) 86±22

Protein (g· d−1) 103±35

Protein (g · kg−1 · d−1) 1.27±0.37

Values represent means±SD, n=14. BMI, body mass index; 1RM, one repetition maximum.
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Pretesting
Participants aged 18–35 y with a BMI > 18.5 and < 30.0 kg/m² underwent an initial screen-
ing session to assess height, body weight, body composition via DXA (Hologic, Discovery 
A; QDR Series, Marlborough, MA, USA). The system’s software package Apex version 
4.0.2 was used to determine whole-body lean mass, fat mass, and bone mineral content. 
Afterwards the one repetition maximum (1RM) of the leg press and extension exercises 
(Technogym, Rotterdam, the Netherlands) were assessed. Participants were deemed 
healthy based on their responses to a medical questionnaire and were excluded from 
participation when smoking, using medication that affected protein metabolism, having 
any musculoskeletal diseases, being intolerant to the investigated proteins, participating 
in recreational sports activities > 3 times per week or being completely sedentary. The 
pretesting and experimental trials were separated by at least 5 days. There were at least 5 
days between subsequent test days.

Diet and physical activity
All participants refrained from strenuous physical activity and alcohol consumption and 
completed a food intake and physical activity record for 2 days prior to the experimen-
tal trial. The questionnaires were completed prior to the first experimental test day. In 
preparation of the subsequent experimental test days participants were asked to repeat 
the food intake and physical activity level as noted in the record prior to test day 1. Ha-
bitual 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 4.1. Participants consumed the same standardized meal before 21.00 
h on the evening before each experimental test day. This prepackaged standardized meal 
provided 1.71 MJ, with 55% of the energy from carbohydrate, 30% energy from fat, and 
15% energy from protein. Next to the meal, participants drank 200 mL of orange juice 
from concentrate providing 0.38 MJ. Thereafter, participants remained fasted until the 
experimental test days.

Study design
All participants performed 4 identical test days with only the study beverage being dif-
ferent. Participants performed a single bout of resistance exercise and immediately after 
completion ingested a randomly assigned beverage (500 mL) containing either 30 g 
whey protein (WHEY), 25 g whey protein plus 5 g collagen protein (WC05), 20 g whey 
protein plus 10 g collagen protein (WC10) or 15 g whey protein plus 15 g collagen protein 
(WC15). Whey protein isolate (Volactive Ultra Whey 90, Volac International Limited, UK) 
and collagen protein hydrolysate (Bodybalance B, Gelita AG, Germany) were used as 
protein supplements. All beverages were flavored with vanilla flavoring (1 ml, Dr. Oetker, 
The Netherlands). Amino acid profiles of the protein beverages are shown in Table 4.2. 
Upon inclusion into the study, each subject was assigned a unique randomization code 
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(1-15). These codes were linked to the specific randomized order in which the treatments 
were provided. This treatment order was determined by sealed envelopes containing all 
possible treatment orders. The test supplements were provided in a double-blind fash-
ion. An independent person was responsible for random assignment and preparation of 
the study treatment beverages, which were sequentially numbered according to subject 
number and the test day number. The beverages were prepared in nontransparent plastic 
containers and had a similar taste and smell. 

Table 4.2. Amino acid profiles of protein blends (30 g of protein)

Amino acids WHEY WC05 WC10 WC15

Alanine, g 1.50 1.68 1.86 2.04

Arginine, g 0.63 0.89 1.15 1.41

Aspartic acid, g 3.30 3.04 2.78 2.52

Cysteine, g 0.66 0.55 0.44 0.33

Glutamic acid, g 5.43 5.04 4.64 4.25

Glycine, g 0.42 1.46 2.50 3.54

Histidine, g 0.51 0.48 0.44 0.41

Hydroxylysine, g 0.00 0.08 0.16 0.24

Hydroxyproline, g 0.00 0.60 1.19 1.79

Isoleucine, g 1.92 1.67 1.42 1.17

Leucine, g 3.18 2.79 2.39 2.00

Lysine, g 2.88 2.58 2.28 1.98

Methionine, g 0.66 0.60 0.53 0.47

Phenylalanine, g 0.90 0.86 0.81 0.77

Proline, g 1.65 2.01 2.37 2.73

Serine, g 1.38 1.31 1.24 1.17

Threonine, g 2.01 1.77 1.52 1.28

Tryptophan, g 0.42 0.35 0.28 0.21

Tyrosine, g 0.78 0.69 0.60 0.51

Valine, g 1.77 1.60 1.42 1.25

ƩNEAA, g 15.75 17.34 18.93 20.52

ƩEAA, g 14.25 12.67 11.09 9.51

ƩAA, g 30.00 30.00 30.00 30.00

WHEY: 30 g whey protein, WC05: 25 g whey plus 5 g collagen; WC10: 20 g whey plus 10 g collagen; 
WC15: 15 g whey plus 15 g collagen; ƩNEAA, sum total non-essential amino acids; ƩEAA, sum total 
essential amino acids; ƩAA, sum total amino acids. The amino acid content was extracted from the 
certificates of analysis of both the whey and collagen protein. 
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Experimental protocol
At ∼07:45 h, participants arrived at the laboratory in the overnight fasted state. A catheter 
was inserted into a dorsal hand vein for arterialized venous blood sampling. To obtain 
arterialized blood samples, the hand was placed in a hot box (60°C) for 10 min prior to 
blood sample collection. After taking a baseline blood sample (t=−45 min), participants 
initiated the resistance exercise intervention (described below). Immediately after cessa-
tion of the exercise intervention (t=0 min), an arterialized blood sample was obtained. 
Subsequently, participants received a 500 mL beverage corresponding to their randomly 
assigned treatment allocation. During the post-prandial period, participants were only al-
lowed to consume water. Further arterialized blood samples were then collected at t=15, 
30, 45, 60, 90, 120, 150, 180, 210, 240, 300 and 360 min in the postprandial period. 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. When the 
experimental protocol was complete, the cannula was removed, and participants ate and 
were assessed for ∼30 min before leaving the laboratory. 

Resistance exercise session
All participants followed the same exercise protocol on all 4 test days that consisted of a 
5-min warm-up on a cycle ergometer followed by the leg press and leg extension exer-
cise. The first set for both exercises was a warm-up set of 10 repetitions at 40% 1RM. The 
next 3 sets consisted of 8 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 continued with the leg extension exercise. 

Plasma analyses
Plasma glucose and insulin concentrations 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 liquid chromatograph mass spectrometry (UPLC-MS; ACQUITY UPLC 
H-Class with QDa; Waters, Saint-Quentin, France). 50 μL of blood plasma was deprotein-
ized using 100 μL of 10% SSA with 50 μM of MSK-A2 internal standard (Cambridge Iso-
tope Laboratories, Massachusetts, USA). Subsequently, 50 μL of ultra-pure demineralized 
water was added and samples were centrifuged (15 min at 14000 RPM). After centrifuga-
tion, 10 μL of supernatant was added to 70 μL of Borate reaction buffer (Waters, Saint-
Quentin, France). In addition, 20 μL of AccQ-Tag derivatizing reagent solution (Waters, 
Saint-Quentin, France) 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. 
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Statistical analysis
All data are expressed as mean±SD. Time-dependent variables (i.e., plasma glucose, in-
sulin and amino acid concentrations) were analyzed by a two-factor repeated-measures 
ANOVA with time as a within-participants factor and treatment group as a between-par-
ticipants factor. The analysis was carried out for the period right before protein or placebo 
ingestion (t=0 min) until the end of the experimental trial (t=360 min). Values of t=-45 
were not statistically different from t=0, therefore only the latter are reported. In case 
of a significant interaction effect, individual time points were analyzed using a one-way 
ANOVA with the time points as the dependent variable and treatment as the independent 
variable. Trapezoidal rule adjusted to baseline concentrations (t= 0 min) were applied to 
calculate the incremental area under curve (iAUC) of the amino acid concentrations. Non-
time-dependent variables (i.e., iAUC) were compared between treatment groups using a 
one-way ANOVA. Statistical significance was set at P<0.05. Bonferroni-corrected post hoc 
comparisons were performed where appropriate. All calculations were performed using 
SPSS 25.0 (SPSS Inc., Chicago, IL).

RESULTS

Plasma glucose and insulin concentrations
Plasma glucose concentrations decreased after protein ingestion (main effect of time: 
P<0.001; Figure 4.1A). Plasma insulin concentration increased after ingestion of the pro-
tein beverages (time effect: P<0.001; Figure 4.1B). No group differences were detected for 
plasma glucose and insulin concentrations (main effect of treatment: P>0.05). 

Figure 4.1. Plasma glucose (A) and insulin (B) concentrations following protein ingestion during 
recovery from a single bout of resistance exercise (t=0–360 min). The dotted line represents the 
ingestion of the protein. Values represent means±SD, n=14. Data were analyzed by 2-factor repeat-
ed-measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. 
WHEY, 30 g whey protein; WC05, 25 g whey plus 5 g collagen protein; WC10, 20 g whey plus 10 g 
collagen protein; WC15, 15 g whey plus 15 g collagen protein.
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Figure 4.2. Heat map of fold changes in plasma amino acid concentrations during the experimental 
test days after the protein blend ingestion during recovery from a single bout of resistance exercise. 
WHEY, 30 g whey protein; WC05, 25 g whey plus 5 g collagen protein; WC10, 20 g whey plus 10 g 
collagen protein; WC15, 15 g whey plus 15 g collagen protein, n=14. TAA, total amino acids; EAA, 
essential amino acids; BCAA, branched-chain amino acids; NEAA, non-essential amino acids. For 
hydroxyproline and hydroxylysine, values under the detection limit were set to 0. Values of t=0 were 
set to 1.

Plasma amino acid availability
Results for all measured amino acids are visualized in a heat map showing the fold-change 
in plasma amino acid concentration following test drink ingestion when compared to 
baseline (t=0 min, set to value 1) (Figure 4.2).

Plasma amino acid concentrations and 6-hour post-prandial plasma amino acid avail-
ability are shown in Figures 4.3 and 4.4. Following protein ingestion, plasma total plasma 
amino acid (TAA) concentrations increased (main effect of time: P<0.001, Figure 4.3A). No 
differences in plasma TAA iAUC were observed between the groups (P>0.05, Figure 4.3B). 

Plasma essential amino acid (EAA) and leucine concentrations increased after protein 
ingestion (main effect of time: P<0.001). Significant time × treatment group interactions 
were observed for plasma EAA and leucine (P<0.001) with group differences at time 
points t=30 until t=180 min and t=30 until t=240 min, respectively (all P<0.05, Figure 4.3C 
and 4.4A). Maximum plasma EAA and leucine concentrations were higher in WHEY com-
pared to WC10 and WC15, with WC05 showing significantly higher values than WC15 (all 
P<0.05), while no difference between WHEY and WC05 was detected (P>0.05). The time 
to reach peak plasma concentrations did not differ for EAA and leucine between groups 
(P>0.05). The plasma EAA and leucine iAUC showed the highest values for WHEY and the 
lowest values for WC15 (P<0.05, Figure 4.3D and 4.4B). 
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Plasma non-essential amino acids (NEAA), glycine, and proline concentrations increased 
after protein ingestion (main effect of time: P<0.001). Plasma hydroxyproline concentra-
tions increased in all groups except following WHEY (time effect: P<0.001). Significant 
time × treatment group interactions were observed for plasma NEAA, glycine, proline, 
and hydroxyproline concentrations (P<0.001) with group differences at time points t=30 
until t=360 min, t=15 until t=360 min, t=30 until t=120 min and t=15 until t=360 min, 
respectively (P<0.05, Figure 4.3E, 4.4C, 4.4E and 4.4G). Peak plasma NEAA concentrations 
were higher in WC15 compared to WHEY and WC05, and WC10 (P<0.05). Peak plasma 
proline concentrations were higher in WC15 compared to WHEY (P<0.05). For glycine and 
hydroxyproline a clear dose-response relationship of peak plasma concentration was de-
tected with WC15 showing the highest and WHEY showing the lowest values (P<0.001). 
The time to reach the peak plasma concentrations was not different for NEAA, glycine, 
proline and hydroxyproline (P>0.05). The plasma NEAA, glycine, proline, and hydroxypro-
line iAUC showed the highest values for WC15 and the lowest for WHEY with values for 
WC05 and WC10 being intermediate (P<0.05, Figure 4.4F, 4.4D, 4.4F and 4.4H). The iAUC 
of glycine resulted in negative values in WHEY (Figure 4.4D).



89

Whey plus collagen blends - plasma

4

Figure 4.3. Plasma amino acid concentrations following protein ingestion during recovery from a 
single bout of resistance exercise (t=0–360 min) in the left column and incremental area under the 
curve (iAUC) for the postprandial period in the right column. Data are displayed for TAA (A, B), EAA 
(C, D) and NEAA (E, F). The dotted line within the left column graphs represents the ingestion of 
the test drink. Values represent means±SD, n=14. Data for plasma amino acid concentrations were 
analyzed by 2-factor repeated-measures ANOVA. Data for iAUC were analyzed by a one-way ANOVA. 
Bonferroni post hoc testing was used to detect differences between groups. * indicate a significant 
group difference within the time point, P<0.05. Treatments without a common letter differ, P<0.05. 
WHEY, 30 g whey protein; WC05, 25 g whey plus 5 g collagen protein; WC10, 20 g whey plus 10 g 
collagen protein; WC15, 15 g whey plus 15 g collagen protein; TAA, total amino acids; EAA, essential 
amino acids; NEAA, non-essential amino acids.
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Figure 4.4. Plasma leucine, glycine, proline, and hydroxyproline concentrations following protein 
ingestion during recovery from a single bout of resistance exercise (t=0–360 min) in the left col-
umn and incremental area under the curve (iAUC) for the postprandial period in the right column 
in young men and women. Data are displayed for leucine (A, B), glycine (C, D), proline (E, F) and 
hydroxyproline (G, H). The dotted line within the left column graphs represents the ingestion of 
the protein. Values represent means±SD, n=14. Data for plasma amino acid concentrations were 
analyzed by 2-factor repeated-measures ANOVA. Data for iAUC were analyzed by a one-way ANOVA. 
Bonferroni post hoc testing was used to detect differences between groups. * indicate a significant 
group difference within the time point, P<0.05. Treatments without a common letter differ, P<0.05. 
WHEY, 30 g whey protein; WC05, 25 g whey plus 5 g collagen protein; WC10, 20 g whey plus 10 g 
collagen protein; WC15, 15 g whey plus 15 g collagen protein.
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DISCUSSION

In the present study, we observed that differences in post-prandial plasma amino acid 
concentrations correspond well with the amino acid composition of different whey plus 
collagen protein blends. Ingestion of 30 g whey protein immediately after exercise re-
sulted in a decline in post-prandial plasma glycine availability during the acute recovery 
period. Coingesting 5 g collagen with 25 g whey protein was sufficient to prevent the 
decline in plasma glycine availability and allowed maintenance of circulating plasma 
glycine concentrations above baseline values during recovery from a single bout of resis-
tance exercise. 

Protein ingestion during recovery from exercise is a common strategy to support skeletal 
muscle reconditioning by providing amino acids as precursors for de novo muscle protein 
synthesis (22, 23). In the present study, we showed a substantial increase in circulating 
plasma amino acid concentrations following ingestion of 30 g protein (Figure 4.2). Inges-
tion of the different protein blends resulted in distinct post-prandial plasma amino acid 
responses. As reported previously (17, 24), post-prandial plasma amino acid concentra-
tions highly depend on the amino acid profile of the protein(s) provided. In the present 
study, we assessed the post-prandial plasma amino acid profile following ingestion of in 
total 30 g protein provided as whey protein with 0 g (WHEY), 5 g (WC05), 10 g (WC10) 
and 15 g (WC15) of collagen protein immediately after a single bout of resistance exer-
cise. Ingestion of 30 g whey protein (WHEY) resulted in a rapid increase in circulating EAA 
and NEAA concentrations, with high plasma leucine concentrations in particular (Figures 
4.2-4.4). These data are in line with previous work from our group (15, 24) as well as others 
(10, 25) and show the impact of ingesting a high-quality protein source, such as whey, 
on post-prandial plasma amino acid concentrations during recovery from exercise. It 
has been well established that the post-prandial increase in plasma EAA concentrations 
and plasma leucine in particular, following ingestion of 20-30 g whey protein strongly 
increases myofibrillar protein synthesis rates during recovery from exercise (8, 10, 26). 
However, whey protein ingestion during recovery from exercise does not seem to aug-
ment muscle connective protein synthesis rates (15, 27). We (15) and others (17, 19) have 
speculated that this could be attributed to the lack of sufficient glycine and proline in 
dairy protein to provide sufficient amino acid precursors to support the post-exercise in-
crease in muscle connective protein synthesis rates. Consequently, it has been proposed 
that the ingestion of a blend of high-quality whey protein with collagen protein may be a 
preferred nutritional strategy to provide ample EAA without compromising glycine and/
or proline availability. Here we addressed the impact of coingesting three different doses 
of collagen protein on post-prandial plasma amino acid availability during recovery from 
exercise (Figures 4.2-4.4).
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Coingestion of collagen was followed by rapid collagen digestion and amino acid absorp-
tion, as evident from the rapid post-prandial rise in circulating hydroxyproline (Figure 
4.4G). Post-prandial plasma hydroxyproline concentrations showed a strong dose-de-
pendent increase following the ingestion of the three different doses of collagen (Figure 
4.4H). As more collagen was included in the 30 g protein blend, post-prandial increases in 
total EAA concentrations were attenuated and plasma NEAA levels were further increased 
(Figure 4.3C-F). Such differences may compromise the anabolic properties of the protein 
blend as the post-prandial rise in plasma (essential) amino acid availability can modulate 
the anabolic potential of a protein or protein blend (28, 29). Despite WHEY containing 
11.7% more EAA than WC05, the plasma essential amino acid availability over the entire 
post-prandial period did not significantly differ from each other. The protein blends 
containing 10 and 15 g collagen provided ~25 and 40% less EAA than WHEY, resulting in 
significantly lower plasma EAA responses (Figure 4.3 C/D). 

Leucine has been identified as the key regulator in promoting myofibrillar protein 
synthesis rates (26, 30). A leucine trigger hypothesis has been proposed, implying that 
a certain amount of leucine needs to be ingested to stimulate muscle protein synthesis 
rates (31). However, such a leucine threshold is likely less relevant in our post-exercise 
recovery setting as we provided more than ∼2 g leucine in all provided protein blends 
which is considered the minimal effective dose (Table 4.2). Plasma leucine availability 
over the 6 h post-prandial time period was significantly higher in WHEY compared to 
WC05, WC10, and WC15 (15±19, 32±27 and 61±14% higher in WHEY compared to the 
collagen blends, respectively, Figure 4.3B). However, peak plasma leucine concentrations 
did not significantly differ between WHEY and WC05 (487±93 vs 428±58 µmol/L, respec-
tively, Figure 4.3A).

The two main amino acids in connective tissue are glycine and proline, with glycine resid-
ing at every third position of the α-chains of collagen (16). While whey protein provides 
moderate amounts of proline, glycine is only present in very limited amounts. Notably, 
we observed a decline in post-prandial plasma glycine availability following the ingestion 
of whey protein during recovery from an acute bout of resistance exercise (Figure 4.4D). 
We have observed this previously and speculated that such a decline in plasma glycine 
availability may compromise the capacity to further increase muscle connective protein 
synthesis rates during recovery from exercise (15). This could explain previous observa-
tions from our laboratory (15) as well as others (13, 20, 27) that dairy protein ingestion 
increases myofibrillar but not muscle connective protein synthesis rates during recovery 
from a single bout of resistance type exercise. Interestingly, it has been suggested that 
the supply of glycine through endogenous pathways and dietary intake is insufficient 
for adequate collagen synthesis (32, 33). Furthermore, glycine has been shown to have 
a protective effect in muscle wasting (reviewed by Koopman et al. (34)), may play an 
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important role in muscle regeneration (35), and is required for the synthesis of creatine, 
heme, glutathione, purine and collagen (36, 37). A decline in circulating plasma glycine 
does not necessarily imply that the decline in plasma glycine availability compromises 
the skeletal muscle adaptive response to exercise. However, the observation that the 
post-prandial plasma concentrations and availability declines despite the ingestion of 30 
g whey protein (providing 0.42 g glycine) implies an increased demand for glycine during 
recovery from exercise. In support, we have previously observed substantial increases 
in muscle connective protein synthesis rates during recovery from exercise (3, 4, 15). 
Furthermore, using intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine-labeled milk 
protein we were able to show that these dietary protein derived amino acids were used 
for de novo muscle connective protein synthesis (3, 4). Therefore, we speculate that post-
exercise muscle connective protein conditioning may be restricted under conditions in 
which insufficient amounts of exogenous glycine are provided (38). The impact of protein 
ingestion on post-exercise muscle connective protein synthesis may be dependent on 
the amount of protein derived precursors and the time during which they are made avail-
able. We studied the impact of collagen coingestion with whey as a means to improve 
post-prandial plasma glycine availability. Collagen protein is a good and easily accessible 
source of glycine, which has about 14.5 times more glycine than whey protein. Coinges-
tion of collagen with whey protein strongly increased plasma glycine concentrations 
(Figure 4.4C), resulting in positive post-prandial plasma glycine availability (Figure 4.4D). 
Interestingly, coingestion of only a small amount of 5 g collagen (WC05) was sufficient 
to prevent the post-prandial decline in plasma glycine availability, without a relevant 
decrease in either the plasma EAA or leucine response when compared to the ingestion 
of whey protein only.

During recovery from resistance exercise, the two main structural components in skeletal 
muscle tissue that will undergo reconditioning are myofibrillar and muscle connective 
proteins (2, 39). Therefore, dietary protein should be targeted to deliver amino acid 
precursors to support the post-exercise remodeling in both myofibrillar and muscle con-
nective proteins. In that context, protein blends with collagen have been proposed to 
support those adaptations due to their unique amino acid profile (40). As the suggested 
lower quality of collagen protein when compared with dairy protein could compromise 
the capacity of such a protein blend to stimulate post-exercise muscle protein synthesis, 
we sought to establish the impact of coingesting different doses of collagen with whey 
protein during recovery from exercise. Here, we observed that merely 5 g of collagen pro-
tein is already sufficient to prevent a decline in post-prandial plasma glycine availability 
during recovery from lower body resistance type exercise. Such an amount could provide 
sufficient glycine to cover the increased precursor demands during the post-exercise 
increase in muscle connective protein synthesis rates, and can be combined with 20-25 g 
of whey protein to maximize post-exercise myofibrillar protein synthesis rates. However, 
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more work will be needed to establish whether the ingestion of 5 g collagen with 25 g 
whey protein will further increase myofibrillar as well as muscle connective protein syn-
thesis rates during recovery from an acute bout of resistance exercise. 

In conclusion, the coingestion of a small amount of collagen (5 g) with whey protein (25 
g) is sufficient to prevent the decline in plasma glycine availability during recovery from 
a single bout of resistance exercise in healthy, young males. Future work is required to 
determine if a protein blend combining 25 g whey plus up to 5 g collagen protein may 
provide sufficient amino acid precursors to support an increase in both myofibrillar as 
well as connective protein synthesis rates during recovery from exercise.
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ABSTRACT 

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 op-
timize 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 randomized, double-blind, parallel design, 28 men (age: 25±5 y; BMI: 23.6±2.3 kg/
m2) were randomly allocated to ingest either 30 g of protein (25 g whey/5 g collagen; 
BLEND, n=14) or a non-caloric placebo (PLA, n=14) following a single session of unilat-
eral leg resistance-type exercise. Participants received primed continuous L-[ring-13C6]-
phenylalanine infusions with blood and muscle biopsy samples collection for 5 hours 
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 inges-
tion (P>0.05). Post-prandial myofibrillar and muscle connective protein synthesis rates 
were higher in the exercised compared to the rested leg (P<0.001). In addition, myofi-
brillar protein synthesis rates were higher in BLEND compared to 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 to 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, respec-
tively; P=0.11) leg.

CONCLUSION 
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 muscle connective protein synthesis rates during recovery from exercise in recre-
ationally active, young men.
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INTRODUCTION

Exercise stimulates muscle protein synthesis, with significant increases in both myofibril-
lar (1, 2) as well as muscle connective protein synthesis rates (3-6). The post-exercise 
increases in myofibrillar and muscle connective protein synthesis rates are responsible for 
the subsequent skeletal muscle adaptive response to exercise, resulting in the condition-
ing of the contractile protein and connective tissue networks, respectively (7). Consum-
ing protein during recovery from exercise 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 demonstrated to further increase myofibrillar protein synthesis rates 
(9, 13), such a stimulatory effect has not been observed for muscle 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 inability of dairy protein ingestion to further increase 
post-exercise muscle connective protein synthesis rates may be attributed to insufficient 
post-prandial plasma glycine availability (16, 18 (unpublished observations), 19). Dietary 
collagen protein contains high levels of glycine and proline and has, therefore, been 
suggested as a preferred protein source to promote connective tissue remodeling (20-
26). However, in contrast to dairy protein, collagen protein has a relatively 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 collagen protein ingestion. Recently, we sought to optimize 
post-prandial plasma amino acid profiles and improve plasma glycine availability during 
recovery from exercise by ingesting different protein blends containing both whey and 
collagen protein (19). The addition of 5 g of collagen to 25 g of whey protein was suf-
ficient to allow a robust increase in plasma essential amino acids and leucine concentra-
tions while also increasing post-prandial plasma glycine availability. 

We hypothesized that ingestion of a whey and collagen protein blend would increase 
both myofibrillar and muscle connective protein synthesis rates at rest and during re-
covery 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 non-caloric placebo following a single bout of unilateral resistance exercise. Primed, 
continuous intravenous L-[ring-13C6]-phenylalanine infusions together with blood and 
muscle tissue samples collection were applied to assess both myofibrillar and muscle 
connective protein synthesis rates both at rest and during recovery from exercise. 
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METHODS

Participants 
A total of 28 healthy, recreationally active men (age: 25±5 y; 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 5.1. After pretesting, participants 
were randomly assigned to one of two groups consuming either 30 g of a whey and col-
lagen protein blend (25 g whey and 5 g collagen protein, BLEND, n=14) or a non-caloric 
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 approved by the Medical Ethical Committee of the Maastricht University 
Medical Centre+/Maastricht University and conforms to the principles outlined in the 
declaration of Helsinki for use of human participants and tissue. The trial was registered 
at ClinicalTrials.gov (NCT05386771) and was conducted between October 2022 and April 
2023 at Maastricht University, Maastricht, The Netherlands. Clinical Trial Center Maastricht 
independently monitored the study.

Table 5.1. Participants’ characteristics and average 2-day dietary intake prior to the experimental 
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/m2) 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) 9.6±2.5 10.0±1.8

Carbohydrate (g/d) 237±86 276±73

Fat (g/d) 102±40 90±32

Protein (g/d) 92±29 104±41

Protein (g · kg−1 · d−1) 1.27±0.37 1.33±0.46

Vitamin C (mg/d) 141±63 185±100

Borg scale score 16±2 17±2

Values represent means±SD. PLA: non-caloric flavored water BLEND: 25 g whey plus 5 g of collagen protein; BMI: 
body mass index; CSA: cross sectional area (exercise leg only); 1RM: one repetition maximum for the trained leg. 

Data were analyzed with independent t-tests. There were no differences between treatments.
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Pretesting
Participants (aged 18–35 y with a BMI > 18.5 and < 30.0 kg/m²) underwent an initial 
screening session to assess height, body weight, and body composition (BIA, BioScan 920, 
Maltron International Ltd, UK). Afterwards 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 participation when smoking, using 
medication that affected protein metabolism, having any musculoskeletal diseases, or if 
they were intolerant to the investigated protein products. The pretesting and experimen-
tal trials were separated by at least 5 days.

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 days prior to the experi-
mental 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 5.1. Participants consumed the same standardized 
meal before 21:00 PM on the evening before the experimental trial. This prepackaged 
standardized meal provided 1.71 MJ, with 55% of the energy from carbohydrate, 30% 
energy from fat, and 15% energy from protein. 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 resistance 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 protein isolate (Volactive Ultra Whey 
90, Volac International Limited, UK) and collagen protein hydrolysate (Bodybalance B, 
GELITA AG, Germany) were used. The non-caloric placebo was flavored water. Both bever-
ages were flavored with vanilla flavoring (Dr. Oetker, The Netherlands). The amino acid 
profile of the protein blend can be found in Supplemental Table 5.1 (Supplemental Digital 
Content 1) and has been published previously (19). Randomization was performed using 
a computerized list randomizer (http://www.randomization.com/). Participants were 
sequentially allocated to the treatment groups by an independent researcher, according 
to the randomized list. The study beverages were prepared by a different independent 
researcher in nontransparent plastic containers and both supplements had a similar taste 
and smell. 
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Experimental protocol
At ∼07:45 AM, participants arrived 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 arterial-
ized venous blood sampling. To obtain arterialized blood samples, the hand was placed 
in a hot box (60°C) for 10 min prior to blood sample collection (29). After taking a baseline 
blood sample (t=-210 min), the plasma phenylalanine pool was primed with a single in-
travenous 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 infusions 
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, Mel-
sungen, 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 sec-
tional areas were determined by ultrasound (Affinity 70G, Philips, the Netherlands) with 
a linear array probe (eL18-4, Philips, the Netherlands) using B-mode with a panoramic 
option. While maintaining in a supine position a third and fourth arterialized blood 
sample were drawn (t=-120 min; t=-60 min). After resting for another 15 min (t=-45 min), 
participants initiated the unilateral leg resistance exercise intervention (described be-
low). 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 received 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 BLEND beverage. Sequential arterialized blood samples were collected at t=30, 60, 
90, 120, 180 and 240 min throughout the postprandial period. At t=300 min an arterial-
ized blood sample was obtained, 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=0–300 min). 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 were collected using a 5 mm Bergström needle custom-adapted 
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for manual suction. Samples were obtained from separate incisions from the middle re-
gion 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 machines (Technogym, Rotterdam, the Neth-
erlands). The selection 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 3 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 continued with the leg extension exercise. Rating of perceived 
exertion was evaluated by the Borg scale (6-20, Table 5.1).

Plasma analysis
Plasma glucose and insulin concentrations 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 liquid chromatograph mass spectrometry (UPLC-MS; ACQUITY UPLC 
H-Class with QDa; Waters, Saint-Quentin, France). A total of 50 μL of blood plasma was 
deproteinized using 100 μL of 10% SSA with 50 μM of MSK-A2 internal standard (Cam-
bridge Isotope Laboratories, Massachusetts, USA). Subsequently, 50 μL of ultra-pure 
demineralized water was added and samples were centrifuged (15 min at 21000g). 
After centrifugation, 10 μL of supernatant was added to 70 μL of Borate reaction buffer 
(Waters, Saint-Quentin, France). In addition, 20 μL of AccQ-Tag derivatizing reagent solu-
tion (Waters, Saint-Quentin, France) 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 
derivative, and enrichments were determined by UPLC-MS by using mass detection of 
masses 336, 342, and 346 for unlabeled and (13C6 and13C9-15N)-labeled phenylalanine, 
respectively. We applied standard calibration curves in all isotopic enrichment analyses to 
assess the linearity of the mass spectrometer and to control for the loss of tracer.

Muscle tissue analysis
Muscle connective and myofibrillar protein-enriched fractions were isolated from ~100 
mg of wet muscle tissue by hand homogenizing on ice using a pestle 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 
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in 100 mL of ddH2O (pH 7.4) and right before use 1 tablet cOmplete™ 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 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 isolation and the pellet for muscle connective protein isolation. 

For the myofibrillar isolation the supernatant was transferred 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 1600g, 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 mL KCl 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. 
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Following hydrolyzation of the isolated myofibrillar and connective protein fractions, 
the free amino acids were then dissolved in 25% acetic acid solution, passed over cation 
exchange AG 50W-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 (ECF). 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; 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 relation-
ship between the enrichment of a series of L-[ring-13C6]-phenylalanine, standards of vari-
able enrichment and the enrichment of the N(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 connective protein 
enrichment by weighted mean precursor (plasma) amino acid tracer enrichment. Conse-
quently, myofibrillar and muscle connective protein FSRs were calculated as follows:

								        (1)

Em1 and Em2 represents protein-bound L-[ring-13C6]-phenylalanine, Eprecursor represents the 
average plasma free L-[ring-13C6]-phenylalanine enrichment during the tracer incorpora-
tion period, and t indicates the time interval (h) between biopsies. 
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Statistical analysis
An a priori sample size calculation was performed with differences in postprandial muscle 
connective 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 significance level of 0.05, a SD of 0.0125%·h−1, and a difference in muscle con-
nective protein synthesis rates of 0.014%·h−1 between 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 calculate 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-subjects factor and treatment group as a between-subjects 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 experimental 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 analyzed by a repeated measures ANOVA with time as a 
within-subjects factor and treatment group as a between-subjects factor for t=-180 until 
300 min. Non-time-dependent variables (i.e., basal and post-exercise myofibrillar and 
muscle connective 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 repeated-measures ANOVA with condition 
(post-absorptive, rested and exercised) as a within-subjects factor and treatment group 
(BLEND and PLA) as a between-subjects factor. Bonferroni-corrected post hoc com-
parisons were performed where appropriate. Statistical significance was set at P<0.05. All 
data in text and figures are expressed as mean±SD. All calculations were performed using 
SPSS 27.0 (SPSS Inc., Chicago, IL). 
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RESULTS

Participants’ characteristics and habitual dietary intake 
There were no significant differences in the participants’ characteristics between the 
treatment groups (Table 5.1). Similarly, there were no differences in habitual dietary 
intake and exercise-related ratings of perceived exertion (Borg) between treatment 
groups (Table 5.1). Dietary vitamin C intake of the two days before the experimental test 
day averaged 141±63 and 163±85 mg/day in BLEND and PLA, respectively (main effect 
of treatment P>0.05). All participants ingested amounts of vitamin C above the Recom-
mended Dietary Allowance of 90 mg/day for men (30). 

Plasma glucose and insulin concentrations
Plasma glucose concentrations declined over time (P<0.05), with no differences between 
treatments (Figure 5.1A). BLEND ingestion resulted in significant increases in circulating 
insulin concentrations, with values exceeding those observed in the placebo treatment at 
t=30-90 min (time x treatment group interaction P<0.001; Figure 5.1B). 

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 following test drink ingestion when compared to 
baseline t=0 min (Figure 5.2). BLEND ingestion increased plasma amino acid concentra-
tions compared to PLA, with increases in plasma amino acid availability in BLEND (as 
represented by the iAUC, P<0.05, data not shown). Significant time × treatment group 
interactions were observed for all plasma amino acid concentrations (all P<0.001). Plasma 
EAA concentrations were higher at time points t=30-180 min in BLEND compared to PLA 
(P<0.05, Figure 5.3A/5.4B). Plasma non-essential amino acid (NEAA) and proline concen-
trations were higher at time points t=30-120 min in BLEND compared to PLA (P<0.05, 
Figure 5.3B/E). Plasma leucine concentrations were higher at time points t=30-240 min in 
BLEND compared to PLA (P<0.05, Figure 5.3C). Plasma glycine concentrations were higher 
at time points t=30-90 min in BLEND compared to PLA (P<0.05, Figure 5.3D). Plasma hy-
droxyproline and hydroxylysine concentrations were higher at time points t=30-300 and 
t=30-180 min in BLEND when compared to PLA, respectively (P<0.05, Figure 5.4).
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Figure 5.2. 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. PLA, placebo (water); BLEND, 25 g whey plus 5 g collagen protein, n=14 per group. TAA, to-
tal amino acids; EAA, essential amino acids; BCAA, branched-chain amino acids; NEAA, non-essential 
amino acids. For hydroxyproline and hydroxylysine, values under the detection limit were set to 0. 
Values of t=0 were set to 1.

Figure 5.1. Plasma glucose (A) and insulin (B) concentrations following test drink 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 2-factor repeated-measures ANOVA. Bonferroni post hoc testing was used to detect 
differences between groups. *, indicate a significant treatment difference within the time point, 
P<0.05. PLA, placebo (water); BLEND, 25 g whey plus 5 g collagen protein.
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Figure 5.3. Post-prandial plasma amino acid concentrations following whey plus collagen pro-
tein 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 2-factor repeated-
measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *, in-
dicate a significant treatment difference within the time point, P<0.05. PLA, placebo (water); BLEND, 
25 g whey plus 5 g collagen protein. EAA, essential amino acids; NEAA, non-essential amino acids.
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Stable isotope tracer analyses
Analysis of plasma L-[ring-13C6]-phenylalanine enrichments revealed a significant time 
x treatment group interaction effect (P<0.001; Figure 5.5). During the early post-pran-
dial phase (t=30-90 min), plasma L-[ring-13C6]-phenylalanine enrichments were lower in 
BLEND compared to PLA (P<0.05). However, time-weighted plasma L-[ring-13C6]-phenylal-
anine enrichments over the entire 5 h post-prandial period did not differ between groups 
(P>0.05).

Figure 5.4. 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=0–300 min). Data are displayed for hydroxyproline (A) and hydroxylysine (B). The dot-
ted 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 2-factor repeated-
measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *, in-
dicate a significant treatment difference within the time point, P<0.05. PLA, placebo (water); BLEND, 
25 g whey plus 5 g collagen protein.
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Myofibrillar protein synthesis
Post-absorptive myofibrillar 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, Figure 5.6). Post-prandial myofibrillar protein synthesis 
rates in the rested leg over the 5 h period were significantly higher in BLEND compared to 
PLA at 0.038±0.008 and 0.031±0.006%·h−1, respectively (main effect of treatment P<0.05, 
Figure 5.6). Post-prandial myofibrillar protein synthesis rates in the exercised leg over 
the 5 h period were significantly higher in BLEND compared to PLA at 0.052±0.011 and 
0.039±0.009%·h−1, respectively (main effect of treatment P<0.05, Figure 5.6). Time-depen-
dent analysis revealed higher myofibrillar protein synthesis rates for the post-prandial 
rested and exercised compared to the post-absorptive condition, and higher rates for the 
exercised compared to the rested condition (main effects of condition P<0.001). 

Figure 5.5. Plasma L-[ring-13C6]-phenylalanine enrichments (MPE) before (t=-180-0 min) and after 
whey plus collagen protein or placebo ingestion during 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 2-factor repeated-measures ANOVA. 
Bonferroni post hoc testing was used to detect differences between groups. *, indicate a significant 
treatment difference within the time point, P<0.05. PLA, placebo (water); BLEND, 25 g whey plus 5 
g collagen protein.
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Figure 5.6. Fractional myofibrillar protein synthesis rates (%.h-1) during the post-absorptive period 
(basal; t=-180-0 min), after whey plus collagen protein or placebo ingestion in rest and during recov-
ery 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 2-factor repeated-measures 
ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *, indicate 
a significant treatment difference within the condition, P<0.05. #, indicate a significant difference 
compared to the basal condition, P<0.05. $, indicate a significant difference compared to the rested 
condition, P<0.05. PLA, placebo (water); BLEND, 25 g whey plus 5 g collagen protein.

Figure 5.7. Fractional muscle connective protein synthesis rates (%.h-1) during the post-absorptive 
period (basal; t=-180-0 min), after whey plus collagen protein or placebo ingestion in rest and dur-
ing 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 2-factor repeated-
measures ANOVA. Bonferroni post hoc testing was used to detect differences between groups. *, 
indicate a significant treatment difference within the condition, P<0.05. #, indicate a significant dif-
ference compared to the basal condition, P<0.05. $, indicate a significant difference compared to 
the rested condition, P<0.05. PLA, placebo (water); BLEND, 25 g whey plus 5 g collagen protein.
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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, Figure 5.7). Post-prandial muscle connective protein 
synthesis rates in the rested leg over the 5 h period were significantly higher in BLEND 
compared to PLA at 0.062±0.013 and 0.051±0.010%·h−1, respectively (main effect of 
treatment P<0.05, Figure 5.7). Post-prandial muscle connective protein 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, respectively, with no statistical difference between groups (main effect 
of treatment P=0.11, Figure 5.7). Time-dependent analysis revealed higher muscle con-
nective protein synthesis rates for the post-prandial rested and exercised compared to 
the post-absorptive condition, and higher rates for the exercised compared to 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 increased myofibrillar 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 circulating plasma amino acid concentrations (Figures 
5.2-5.4). 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 ingestion of 
whey protein combined with different doses of collagen protein during recovery from 
exercise (19). The rapid rise in circulating plasma EAA and leucine concentrations fol-
lowing protein ingestion (Figure 5.3A/C) suggests efficient digestion and absorption of 
the whey protein fraction of the protein blend (9, 16, 31, 32). The marked rise in plasma 
hydroxyproline and hydroxylysine concentrations (Figure 5.4A/B) shows that also the 
collagen protein fraction in the blend was rapidly digested and absorbed, which agrees 
with prior work from our laboratory (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 (Figure 5.3D). 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 
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increase in EAA concentrations (and leucine in particular) combined with the absence of 
a decline in plasma glycine availability increases both myofibrillar and muscle connective 
protein synthesis rates. 

In agreement with our hypothesis, ingestion of the protein blend, providing 25 g whey 
plus 5 g collagen protein, significantly increased both myofibrillar and muscle connec-
tive protein synthesis rates throughout the 5 h post-prandial period (Figures 5.6 and 
5.7, respectively). The observed increase in myofibrillar 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 results 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 (Figure 5.7). Previous work has failed to detect 
a stimulating effect of (dairy) protein ingestion on muscle connective protein synthesis 
rates (3-5, 14-16, 34, 35). Consequently, it has been suggested that muscle connective 
proteins are either less susceptible 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 in-
ability of (dairy) protein ingestion to increase muscle connective protein synthesis rate 
may be attributed to the post-prandial decline in plasma glycine availability (3, 4). Our 
data tend to support the proposed importance of dietary protein derived glycine (37-39), 
though we can only speculate on the properties of the protein blend to stimulate con-
nective 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 muscle connective protein synthesis rates. The latter provides leads for 
the development of (more) effective interventional strategies to support healthy aging, 
injury prevention, rehabilitation, and performance (26, 41-44).

Resistance-type exercise increased both myofibrillar as well as muscle connective protein 
synthesis rates, which was evident from the higher protein synthesis rates observed in the 
exercised when compared to the rested leg (Figures 5.6 and 5.7). The stimulating effect of 
exercise on both myofibrillar and muscle connective protein synthesis has been reported 
several times by our lab (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 agreement, 
we observed higher myofibrillar protein synthesis rates during recovery from exercise 
following ingestion of the whey plus collagen protein blend (Figure 5.6). In contrast to 
data showing greater post-exercise increases in myofibrillar protein synthesis rates fol-
lowing 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 



119

Whey plus collagen blend - muscle

5

all (40, 50) studies report that protein ingestion during recovery from exercise does not 
further increase muscle connective 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 lab (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 specu-
lated 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 insufficiency in most dietary proteins (20, 51). It has 
been suggested that glycine availability may be restrictive to support connective tissue 
remodeling (39). However, in contrast, others described how glycine could rarely (if ever) 
become limiting for synthesis of even glycine-rich proteins (52-55). In 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 showing 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 modulation 
is not effective beyond the stimulating effect of exercise remains unclear. It is interesting 
to note that even in the control treatment (placebo) a large increase in muscle connective 
protein synthesis rate was observed in the exercised compared with the resting leg, with-
out the apparent need for greater circulating plasma glycine and proline concentrations 
(Figure 5.7). 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 synthesis rates during recovery from exercise. 

Leucine is well-documented for its important role in stimulating myofibrillar protein syn-
thesis rates (33, 56). Furthermore, leucine has been shown to stimulate protein synthesis 
rates in tissues other than muscle (57, 58). Here we observed positive moderate correla-
tions between the plasma availability (iAUC) of leucine and both myofibrillar and muscle 
connective 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, respec-
tively) leg. These findings support the concept that leucine not only serves as a trigger for 
myofibrillar protein synthesis but may also impact muscle connective protein synthesis. 
Therefore, ingestion of leucine or a leucine-rich protein blend may support remodeling of 
both the contractile as well as connective protein network. 
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Our data suggest that plasma glycine availability does not compromise muscle connec-
tive 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 percentage of collagen (~75-95%) when compared 
to muscle tissue (<5%). The adaptive response of such collagenous tissues to exercise 
training or orthopedic surgery may, be more dependent on dietary glycine provision (59, 
60). Therefore, future studies should also address the dietary amino acid requirements of 
musculoskeletal tissues other than only muscle to optimize their conditioning. However, 
such studies will likely be restricted to pre-surgical interventions to assess the impact of 
nutritional interventions to modulate connective tissue protein synthesis rates in such 
collagen rich tissues. 

In conclusion, ingestion of a protein blend providing 25 g whey plus 5 g collagen in-
creases both myofibrillar and muscle connective protein synthesis rates at rest. Ingestion 
of such a whey plus collagen protein blend further increases myofibrillar 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. vL. and his laboratory has received research grants, consulting fees, speaking 
honoraria, or a combination of these for research on the impact of exercise and nutrition 
on muscle metabolism, which include research funding from companies that produce 
collagen such as GELITA AG and PB Leiner. A full overview on research funding is pro-
vided at https://www.maastrichtuniversity.nl/l.vanloon. U.B. is an employee of GELITA AG. 
K. Baar has received has also received 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 collagen 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.vK. and 
J.P.G.G. report no conflicts of interest related to this work. The results of the present study 
do not constitute endorsement by the American College of Sports Medicine. The authors 
declare that the results of the study are presented clearly, honestly, and without fabrica-
tion, falsification, or inappropriate data manipulation.

This trial was registered at ClinicalTrials.gov (NCT05386771). 



121

Whey plus collagen blend - muscle

5

REFERENCES

1.	 Burd NA, West DW, Moore DR et al. Enhanced amino acid sensitivity of myofibrillar 
protein synthesis persists for up to 24 h after resistance exercise in young men. J Nutr. 
2011;141(4):568-73.

2.	 Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA, Rennie MJ. Dif-
ferential effects of resistance and endurance exercise in the fed state on signalling molecule 
phosphorylation and protein synthesis in human muscle. J Physiol. 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. Medicine and science in sports and exercise. 
2020;52(9):1983-91.

4.	 Holwerda AM, Trommelen J, Kouw IW et al. Exercise Plus Presleep Protein Ingestion Increases 
Overnight Muscle Connective Tissue Protein Synthesis Rates in Healthy Older Men. Interna-
tional Journal of Sport Nutrition and Exercise Metabolism. 2021;31(3):217-26.

5.	 Holm L, Van Hall G, Rose AJ, Miller BF, Doessing S, Richter EA, Kjaer M. Contraction inten-
sity and feeding affect collagen and myofibrillar protein synthesis rates differently in 
human skeletal muscle. American Journal of Physiology-Endocrinology and Metabolism. 
2010;298(2):E257-E69.

6.	 Moore DR, Phillips SM, Babraj JA, Smith K, Rennie MJ. Myofibrillar and collagen protein syn-
thesis 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 review 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 response of muscle and albumin 
protein synthesis after resistance exercise 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 resistance exercise. The American Journal of Clinical Nutrition. 2014;99(1):86-95.

10.	 Hermans WJ, Fuchs CJ, Hendriks FK, Houben LH, Senden JM, Verdijk LB, van Loon LJ. Cheese 
ingestion increases muscle protein synthesis rates both at rest and during recovery from 
exercise in healthy, young males: a randomized parallel-group trial. The Journal of nutrition. 
2022;152(4):1022-30.

11.	 Cermak NM, de Groot LC, Saris WH, Van Loon LJ. Protein supplementation augments the 
adaptive response of skeletal muscle to resistance-type exercise training: a meta-analysis. 
The American journal of clinical nutrition. 2012;96(6):1454-64.

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

13.	 Yang Y, Breen L, Burd NA et al. Resistance exercise enhances myofibrillar protein syn-
thesis with graded intakes of whey protein in older men. British Journal of nutrition. 
2012;108(10):1780-8.

14.	 Dideriksen K, Reitelseder S, Malmgaard-Clausen N, Bechshoeft R, Petersen R, Mikkelsen U, 
Holm L. No effect of anti-inflammatory medication on postprandial and postexercise muscle 
protein synthesis in elderly men with slightly elevated systemic inflammation. Experimental 
gerontology. 2016;83:120-9.



Chapter 5

122

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

16.	 Aussieker T, Hilkens L, Holwerda AM et al. Collagen Protein Ingestion during Recovery from 
Exercise Does Not Increase Muscle Connective Protein Synthesis Rates. Medicine and Sci-
ence in Sports and Exercise. 2023;55(10):1792.

17.	 Eastoe JE. The amino acid composition of mammalian collagen and gelatin. The Biochemical 
journal. 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 Collagen With Whey Protein 
Prevents Postexercise Decline in Plasma Glycine Availability in Recreationally Active Men. 
International Journal of Sport Nutrition and Exercise Metabolism. 2024:1-10.

20.	 Alcock RD, Shaw GC, Tee N, Burke LM. Plasma Amino Acid Concentrations After the Ingestion 
of Dairy and Collagen Proteins, in Healthy Active Males. Frontiers in Nutrition. 2019;6(163).

21.	 Daneault A, Prawitt J, Fabien Soulé V, Coxam V, Wittrant Y. Biological effect of hydrolyzed col-
lagen on bone metabolism. Critical Reviews in Food Science and Nutrition. 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 augments collagen synthesis. The American journal of clinical 
nutrition. 2017;105(1):136-43.

23.	 Skov K, Oxfeldt M, Thøgersen R, Hansen M, Bertram HC. Enzymatic hydrolysis of a collagen 
hydrolysate enhances postprandial absorption rate—A randomized controlled trial. Nutri-
ents. 2019;11(5):1064.

24.	 Oesser S, Seifert J. Stimulation of type II collagen biosynthesis and secretion in bovine chon-
drocytes cultured with degraded collagen. Cell and tissue research. 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 transduction. Frontiers in Physiology. 2022;13:838004.

26.	 Holwerda AM, van Loon LJC. The impact of collagen protein ingestion on musculoskeletal 
connective tissue remodeling: a narrative review. Nutrition Reviews. 2022;80(6):1497-514.

27.	 Oikawa SY, Kamal MJ, Webb EK, McGlory C, Baker SK, Phillips SM. Whey protein but not col-
lagen peptides stimulate acute and longer-term muscle protein synthesis with and without 
resistance exercise in healthy older women: a randomized controlled trial. The American 
Journal of Clinical Nutrition. 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 integrated muscle protein synthesis during 
inactivity and energy restriction in older persons. The American Journal of Clinical Nutrition. 
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 glu-
cose and alanine kinetics in man. Metabolism. 1981;30(9):936-40.

30.	 Monsen ER. Dietary reference intakes for the antioxidant nutrients: vitamin C, vitamin E, sele-
nium, and carotenoids. Journal of the Academy of Nutrition and Dietetics. 2000;100(6):637.



123

Whey plus collagen blend - muscle

5

31.	 Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM. Ingestion of whey hydrolysate, 
casein, or soy protein isolate: effects on mixed muscle protein synthesis at rest and following 
resistance exercise in young men. Journal of Applied Physiology. 2009;107(3):987-92.

32.	 Moore DR, Tang JE, Burd NA, Rerecich T, Tarnopolsky MA, 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. Supplementation of a suboptimal protein 
dose with leucine or essential amino acids: effects on myofibrillar protein synthesis at rest 
and following resistance exercise in men. The Journal of Physiology. 2012;590(11):2751-65.

34.	 Babraj JA, Cuthbertson DJ, Smith K et al. Collagen synthesis in human musculoskeletal tissues 
and skin. American Journal of Physiology-Endocrinology and Metabolism. 2005;289(5):E864-
E9.

35.	 Mikkelsen UR, Dideriksen K, Andersen MB et al. Preserved skeletal muscle protein anabolic 
response to acute exercise and protein intake in well-treated rheumatoid arthritis patients. 
Arthritis research & therapy. 2015;17(1):1-19.

36.	 Miller BF, Olesen JL, Hansen M et al. Coordinated collagen and muscle protein synthesis 
in human patella tendon and quadriceps muscle after exercise. The Journal of physiology. 
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 progenitor cell function. Molecular Metabolism. 
2021;43:101106.

38.	 Yu YM, Yang RD, Matthews DE, Wen ZM, Burke JF, Bier DM, Young VR. Quantitative Aspects of 
Glycine and Alanine Nitrogen Metabolism in Postabsorptive Young Men: Effects of Level of 
Nitrogen and Dispensable Amino Acid Intake. The Journal of Nutrition. 1985;115(3):399-410.

39.	 Meléndez-Hevia E, De Paz-Lugo P, Cornish-Bowden A, Cárdenas ML. A weak link in metabo-
lism: the metabolic capacity for glycine biosynthesis does not satisfy the need for collagen 
synthesis. J Biosci. 2009;34(6):853-72.

40.	 Trommelen J, van Lieshout GA, Nyakayiru J et al. The anabolic response to protein inges-
tion during recovery from exercise has no upper limit in magnitude and duration in vivo in 
humans. Cell Reports Medicine. 2023;4(12).

41.	 Kragstrup T, Kjaer M, Mackey A. Structural, biochemical, cellular, and functional changes in 
skeletal muscle extracellular matrix with aging. Scandinavian journal of medicine & science 
in sports. 2011;21(6):749-57.

42.	 Zhang C, Gao Y. Effects of aging on the lateral transmission of force in rat skeletal muscle. 
Journal of biomechanics. 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. Journal of applied physiology. 
2007;103(6):2068-76.

44.	 Lis DM, Jordan M, Lipuma T, Smith T, Schaal K, Baar K. Collagen and Vitamin C Supplementa-
tion Increases Lower Limb Rate of Force Development. International Journal of Sport Nutri-
tion and Exercise Metabolism. 2022;32(2):65-73.

45.	 Trommelen J, Holwerda AM, Kouw IWK, Langer H, Halson SL, Verdijk LB, van Loon LJC. Resis-
tance exercise augments postprandial overnight muscle protein synthesis rates. Medicine 
and Science in Sports and Exercise. 2016;48:2517-25.

46.	 Cuthbertson DJ, Babraj J, Smith K, Wilkes E, Fedele MJ, Esser K, Rennie M. Anabolic signaling 
and protein synthesis in human skeletal muscle after dynamic shortening or lengthening 
exercise. Am J Physiol Endocrinol Metab. 2006;290(4):E731-8.



Chapter 5

124

47.	 Mittendorfer B, Andersen JL, Plomgaard P, Saltin B, Babraj JA, Smith K, Rennie MJ. Protein 
synthesis rates in human muscles: neither anatomical location nor fibre-type composition 
are major determinants. The Journal of Physiology. 2005;563(1):203-11.

48.	 Pennings B, Koopman R, Beelen M, Senden JM, Saris WH, Van Loon LJ. Exercising before pro-
tein intake allows for greater use of dietary protein–derived amino acids for de novo muscle 
protein synthesis in both young and elderly men. The American journal of clinical nutrition. 
2011;93(2):322-31.

49.	 Beelen M, Koopman R, Gijsen AP et al. Protein coingestion stimulates muscle protein syn-
thesis during resistance-type exercise. American Journal of Physiology-Endocrinology and 
Metabolism. 2008;295(1):E70-E7.

50.	 Holm L, Rahbek SK, Farup J, Vendelbo MH, Vissing K. Contraction mode and whey pro-
tein intake affect the synthesis rate of intramuscular connective tissue. Muscle Nerve. 
2017;55(1):128-30.

51.	 Gorissen SHM, Crombag JJR, Senden JMG, Waterval WAH, Bierau J, Verdijk LB, van Loon LJC. 
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. Dynamic aspects of whole 
body glycine metabolism: influence of protein intake in young adult and elderly males. 
Metabolism. 1980;29(11):1087-94.

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

54.	 Molnar JA, Alpert N, Wagner D, Miyatani S, Burke J, Young V. Synthesis and degradation of 
collagens in skin of healthy and protein-malnourished rats in vivo, studied by 18O2 labelling. 
Biochemical journal. 1988;250(1):71-6.

55.	 Yu Y, Yang R, Matthews D, Wen ZM, Burke J, Bier D, Young V. Quantitative aspects of glycine 
and alanine nitrogen metabolism in postabsorptive young men: effects of level of nitrogen 
and dispensable amino acid intake. The Journal of nutrition. 1985;115(3):399-410.

56.	 Churchward-Venne TA, Breen L, Di Donato DM et al. Leucine supplementation of a low-pro-
tein mixed macronutrient beverage enhances myofibrillar protein synthesis in young men: 
a double-blind, randomized trial. The American Journal of Clinical Nutrition. 2013;99(2):276-
86.

57.	 Lynch CJ, Patson BJ, Anthony J, Vaval A, Jefferson LS, Vary TC. Leucine is a direct-acting nutri-
ent signal that regulates protein synthesis in adipose tissue. American Journal of Physiology-
Endocrinology and Metabolism. 2002;283(3):E503-E13.

58.	 Nair KS, Schwartz RG, Welle S. Leucine as a regulator of whole body and skeletal muscle 
protein metabolism in humans. American Journal of Physiology-Endocrinology and Metabo-
lism. 1992;263(5):E928-E34.

59.	 Herwig J, Egner E, Buddecke E. Chemical changes of human knee joint menisci in various 
stages of degeneration. Annals of the rheumatic diseases. 1984;43(4):635-40.

60.	 Fujii K, Yamagishi T, Nagafuchi T, Tsuji M, Kuboki Y. Biochemical properties of collagen from 
ligaments and periarticular tendons of the human knee. Knee Surgery, Sports Traumatology, 
Arthroscopy. 1994;2(4):229-33.



125

Whey plus collagen blend - muscle

5

SUPPLEMENTAL MATERIAL

Supplemental table 5.1. Amino acid profiles of the test beverages.

Amino acids PLA BLEND

Alanine, g 0 1.68

Arginine, g 0 0.89

Aspartic acid, g 0 3.04

Cysteine, g 0 0.55

Glutamic acid, g 0 5.04

Glycine, g 0 1.46

Histidine, g 0 0.48

Hydroxylysine, g 0 0.08

Hydroxyproline, g 0 0.60

Isoleucine, g 0 1.67

Leucine, g 0 2.79

Lysine, g 0 2.58

Methionine, g 0 0.60

Phenylalanine, g 0 0.86

Proline, g 0 2.01

Serine, g 0 1.31

Threonine, g 0 1.77

Tryptophan, g 0 0.35

Tyrosine, g 0 0.69

Valine, g 0 1.60

ƩNEAA, g 0 17.34

ƩEAA, g 0 12.67

ƩAA, g 0 30.00

PLA: non-caloric flavored water BLEND: 25 g whey plus 5 g of collagen protein; ƩNEAA, sum total 
non-essential amino acids; ƩEAA, sum total essential amino acids; ƩAA, sum total amino acids. The 
amino acid content was extracted from the certificates of analysis of both the whey and collagen 
protein.
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ABSTRACT

Over the last two decades, researchers have isolated myofibrillar and/or muscle con-
nective protein fractions to study skeletal muscle tissue remodeling. However, the 
compositions of these fractions remain poorly defined. Here, we evaluated the amino 
acid profiles and protein compositions of the myofibrillar and muscle connective protein 
fractions within skeletal muscle tissue. The muscle connective protein fraction retained 
~70% of mixed muscle collagen content, with 4.4±0.9% collagen relative to total protein 
content versus 1.2±0.2% in mixed muscle tissue (P<0.05). Myofibrillar proteins, such as 
actin and myosin, accounted for 39% of the myofibrillar protein fraction and 32% of the 
muscle connective protein fraction. The muscle connective protein fraction contained a 
higher proportion (42%) of key scaffolding proteins compared to the myofibrillar protein 
fraction (11%). In conclusion, the so-called muscle connective protein fraction contains 
an enriched proportion of collagen among a large proportion of intra- and extracellular 
scaffolding and cell adhesion proteins, all of which are far less abundant in the myofi-
brillar protein fraction. Therefore, assessing muscle connective protein synthesis rates 
represents the turnover of the entire connective tissue protein network and should not 
be used as a proxy for muscle collagen protein synthesis rates per se.  
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INTRODUCTION

Skeletal muscle tissue is in a constant state of turnover, with muscle protein synthesis and 
breakdown rates ranging between 1-2% per day in vivo in humans (1, 2). Muscle tissue 
remodeling seems to be largely controlled by the up- and down-regulation of muscle 
tissue protein synthesis rates. For example, resistance-type exercise is a potent anabolic 
stimulus capable of increasing muscle protein synthesis rates by 50-100% during post-
exercise recovery (3–5). When carried out regularly over time, these increases in muscle 
protein synthesis rates lead to the characteristic physiological adaptations to exercise 
training, such as muscle hypertrophy and increased muscle strength (6, 7).

Research studies apply stable isotope labeled amino acids to assess the impact of various 
anabolic or catabolic stimuli on muscle tissue protein synthesis rates in vivo in humans. In 
these studies, labeled amino acids are administered (e.g., intravenous infusion) to study 
participants from whom blood samples and muscle biopsies are subsequently collected. 
From the biopsy samples, muscle protein is isolated and hydrolyzed, allowing for mea-
surement of the relative abundance of labeled amino acids that have been incorporated 
into the muscle protein pools. The application of labeled amino acid methodologies pro-
vides insight into muscle tissue remodeling in response to various nutritional and/or 
physical (in)activity interventions, disease(s), or throughout the lifespan.

Skeletal muscle tissue is composed of numerous protein fractions with distinctive func-
tional properties. Two of the most important protein fractions involved in muscle func-
tion are the myofibrillar and muscle connective protein fractions. Myofibrillar proteins are 
arranged in large intracellular complexes, with the primary role of generating contractile 
force. The contractile force generated by the myofibrillar protein complexes must be 
transferred through the intra- and extracellular matrix of connective proteins to the ten-
dons and bones (8–11). Muscle connective tissue function is related to the content and 
function of collagen, which is a primary component of the extracellular matrix (11–13). 

Over the last two decades, we (14–18) and many others (9, 19–25) have started to 
evaluate skeletal muscle connective protein synthetic responses following physical (in)
activity and food intake. This work showed that a bout of exercise robustly increases both 
myofibrillar and muscle connective protein synthesis rates (3, 14, 18, 19, 24). The post-
exercise increase in protein synthesis rates enhances the tissue remodeling process and 
can directly contribute to gains in skeletal muscle mass and strength observed over more 
prolonged training periods (6, 7). While dietary protein ingestion during recovery from 
exercise further increases myofibrillar protein synthesis rates (5, 18, 26), the post-exercise 
increase in connective protein synthesis rates appears to be unresponsive to protein 
ingestion (9, 14, 15, 18–22). 
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Although myofibrillar and connective protein fractions seem to respond differently to 
dietary protein intake, little work has been done on evaluating the protein composition 
of the myofibrillar and muscle connective fractions. This knowledge would allow for more 
accurate interpretation of results generated using stable isotope methodology to assess 
muscle tissue specific adaptative responses while facilitating improvements in the frac-
tion isolation protocols for future studies. As such, we sought to evaluate and compare 
the protein composition of myofibrillar and muscle connective proteins isolated from 
mixed muscle tissue samples. 

METHODS

Sample collection
This study includes skeletal muscle, lateral meniscus, patellar tendon, and anterior 
cruciate ligament tissue samples collected as part of several studies conducted previ-
ously within our research group (4, 27–32). These studies were 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 sixth 
Declaration of Helsinki. All subjects provided written informed consent and indicated that 
their tissue samples could be re-used for additional research related to muscle protein 
metabolism. Muscle biopsies were collected from the middle region of the vastus lateralis 
(15 cm above the patella) and ∼3 cm below entry through the fascia using the modified 
Bergström needle technique (33). All biopsy samples were freed from any visible adipose 
tissue and blood, immediately frozen in liquid nitrogen. Pieces of muscle biopsy samples 
for histological analysis were embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, 
the Netherlands) and frozen in liquid nitrogen-cooled isopentane. The lateral meniscus, 
patellar tendon, and anterior cruciate ligament tissue samples were collected during a 
unilateral total knee arthroplasty as previously described (28). All samples were stored at 
−80˚C until further analysis.

Myofibrillar and connective protein isolation 
A graphical overview of the myofibrillar and connective protein isolation protocol is 
displayed in Figure 6.1. Myofibrillar and connective protein fractions were extracted from 
~70 mg wet muscle tissue by hand-homogenizing on ice using a pestle in a standard 
extraction buffer (10 μL/mg; 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)). The samples were centrifuged at 700g and 4 
°C for 15 min. The pellets were washed with 400 μL extraction buffer and centrifuged at 
700g and 4 °C for 10 min. The supernatants were removed and the pellets were washed 
with 500 μL milliQ water before vortexing and centrifugation at 700g and 4 °C for 10 min. 



131

Connective protein isolation from muscle tissue

6

The supernatants were 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 pellets were suspended by vortexing before transfer-
ring into microtubes containing 1.4 mm ceramic beads (Lysing Matrix D, MP Biomedicals, 
Irvine, CA). The samples were shaken four times for 45 s at 5.5 m/s (FastPrep-24 5G, MP 
Biomedicals) to mechanically lyse the protein network. The samples were left to rest at 
4°C for 3 h before centrifugation at 800g and 4 °C for 20 min. The supernatants were dis-
carded, and 1 mL of homogenization buffer was added. The microtubes were shaken once 
for 45 s and 5.5 m/s and left to rest at 4 °C for 30 min before centrifugation at 800g and 
4°C for 20 min. The supernatants were discarded and 1 mL 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, the samples were 
vortexed, transferred to new microtubes, and centrifuged at 1600g at 4 °C for 20 min. The 
supernatant contained myofibrillar protein and the pellet contained muscle connective 
protein. Myofibrillar protein was precipitated from the supernatants with the addition 
of 3.4 mL 100% ethanol followed by a 2 h rest period and centrifugation at 1600g for 
20 min at 4 °C. The supernatants were discarded, and the pellet was washed once more 
with 70% ethanol before vortexing and centrifugation at 1600g, for 20 min at 4 °C. The 
resultant myofibrillar pellets were either immediately analyzed further or transferred into 
vials and stored at -80 °C for future analyses. The muscle connective protein pellets were 
washed with 1 mL KCl buffer, incubated for 2 h at 4°C, vortexed, and centrifuged at 1600g 
for 20 min at 4°C. The supernatant was discarded, and the pellet was either immediately 
analyzed further or transferred into vials and stored at -80 °C for future analyses. 

Figure 6.1. Schematic representation of the protocol used to isolate sarcoplasmic, muscle connec-
tive, and myofibrillar protein fractions from a skeletal muscle tissue sample.
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Amino acid composition
Quantification of amino acids in the different tissues was performed using ultra-perfor-
mance liquid chromatograph mass spectrometry (UPLC-MS; ACQUITY UPLC H-Class with 
QDa; Waters, Saint-Quentin, France). Myofibrillar and connective protein pellets, and skel-
etal muscle, tendon, and ligament samples were freeze-dried. At least 5 mg of the freeze-
dried samples was hydrolysed in 3 mL of 6 M HCl for 12 hours at 110 °C and dried under a 
continuous N2-stream. 5 mL of 0.1 M HCl was used to reconstitute the hydrolysates after 
which 50 µL of each protein hydrolysate was deproteinized using 100 µL of 10% SSA with 
50 µM of MSK-A2 internal standard (Cambridge Isotope Laboratories, Massachusetts, 
USA). Subsequently, 50 µL of ultra-pure demineralized water was added and samples 
were centrifuged (15 min at 14,000 RPM). After centrifugation, 10 µL of supernatant was 
added to 70 µL of Borate reaction buffer (Waters, Saint-Quentin, France). In addition, 20 
µL of AccQ-Tag derivatizing reagent solution (Waters, Saint-Quentin, France) was added 
after which the solution was heated to 55°C for 10 min. Of this 100 µL derivative 1 µL was 
injected and measured using UPLC-MS.

Tissue collagen content
Collagen contents in the myofibrillar and muscle connective protein fractions, and 
mixed skeletal muscle, tendon, and ligament tissues were determined by measuring 
the collagen-specific amino acid, 4-hydroxyproline content derived from the amino acid 
composition analysis as described above (UPLC-MS). To calculate tissue collagen con-
tents, 4-hydroxyproline concentrations were multiplied by 7.5 and expressed relative to 
dry tissue weight (10). 

Total protein content
Approximately 10 mg of tissue protein powder (in duplicate) were collected in steel cru-
cibles. The Dumas combustion method was used to determine nitrogen using the vario 
MAX cube CN (Elementar Analysensysteme, Germany). Protein contents were calculated 
by multiplying the determined nitrogen content by 6.25 as the standard nitrogen-to-
protein conversion factor. 

Protein identification 
To evaluate the protein composition of the muscle connective and myofibrillar protein 
fractions we performed a step-wise protein extraction protocol prior to proteomic identi-
fication (34). Briefly, separate muscle tissue samples were incubated with sodium chloride 
(NaCl) and ethylenediaminetetraacetic acid (EDTA) before undergoing centrifugation 
and supernatant extraction to collect highly soluble cellular and extracellular proteins. 
The remaining sample underwent extraction steps using sodium dodecyl sulfate (SDS) 
to separate cellular proteins and nonstructural extracellular proteins followed by incuba-
tion in urea/thiourea to separate low solubility extracellular proteins. The final incubation 
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step involved pepsin digestion. This extraction protocol was used to identify most of the 
proteins and data can be found in Supplementary File 1. After the pepsin digestion, there 
was still a substantial pellet left and a 72 h trypsin digestion was performed on that pellet. 
The extra digestion step was used to identify the collagen protein subtypes and can be 
found in Supplementary File 2. 

As described in detail previously (35), the isolated muscle connective tissue protein frac-
tions were precipitated by overnight incubation at −20 °C with 1 mL acetone containing 
10% (v/v) TCA and 20 mM DTT followed by centrifugation for 15 min at 16,000 g and 4 °C. 
After washing with ice cold acetone, the protein pellets were resuspended in 30 µL 50 mM 
ammonium bicarbonate containing 5 M urea. Protein concentrations were determined 
with the Protein Assay Kit (Bio-Rad, Veenendaal, the Netherlands). Subsequently, a total of 
50 μg protein in 25 μL 50 mM ammonium bicarbonate with 5M urea was used for further 
analysis. 2.5 μL of DTT solution (20 mM final) was added and incubated at room tempera-
ture for 45 min. Proteins were alkylated by adding 3 μL of IAA solution (40 mM final) and 
incubated at room temperature for 45 min in darkness. Alkylation was stopped by adding 
5 μL DTT solution (to consume any unreacted IAA) and incubation at room temperature 
for 45 min. Subsequently, 2 μg trypsin/lysC was added to the protein and incubated at 
37 °C for 2 h. 100 μL of 50 mM ammonium bicarbonate was added to dilute the urea con-
centration and the solution was further incubated at 37 °C for 18 h. The digestion mixture 
was centrifuged at 2500g for 5 min and the supernatant was collected and subjected to 
LC-MS/MS. LC-MS/MS was performed using a nanoflow HPLC instrument (Dionex ulti-
mate 3000) coupled online to a Q Exactive (Thermo Scientific) with a nano-electrospray 
Flex ion source (Proxeon). The digest/peptide mixture was loaded onto a C18-reversed 
phase column (Thermo Scientific Acclaim PepMap C18 column, 75-μm inner diameter 
x 50 cm, 2-μm particle size). Peptides were separated with a 240 min linear gradient of 
4–45% buffer (80% acetonitrile and 0.08% formic acid) at a flow rate of 300 nL/min. 

The MS data were searched using Proteome Discoverer 2.2 Sequest HT search engine 
(Thermo Scientific), against the UniProt human database. The false discovery rate (FDR) 
was set to 0.01 for proteins and peptides, which had to have a minimum length of 6 ami-
no acids. The precursor mass tolerance was set at 10 ppm and the fragment tolerance at 
0.02 Da. One miss-cleavage was tolerated, oxidation of methionine was set as a dynamic 
modification. Carbamidomethylation of cysteines were set as fixed modifications. Label 
free quantitation was conducted using the Minora Feature Detector node in the process-
ing step and the Feature Mapper node combined with the Precursor Ions Quantifier node 
in the consensus step with default settings within Proteome Discoverer 2.2. Normaliza-
tion was done on the total peptide amount. Scaled abundance was calculated by setting 
the average abundance for every protein of all samples to 100%. The percentage of the 
scaled abundance for every protein of each sample was then calculated.
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Histochemical Analysis
Masson’s trichrome staining was applied to visualize the connective tissue within 
muscle cross-sections (36). Part of each muscle biopsy sample was frozen in liquid 
nitrogen-cooled isopentane. These samples were cut into 5-μm thick cryosections using 
a cryostat at –20 °C. Sections were fixated in 4% of formaldehyde for 1 h before being 
incubated in Bouin’s solution (Sigma-Aldrich, St. Louis, USA) for 1 h at 60 °C. Slides were 
rinsed in ddH2O, incubated in Bieberich scarlet-acid fuchsin solution (Sigma-Aldrich, 
St. Louis, USA) for 5 minutes and rinsed in ddH2O again. Slides were then incubated in 
phosphomolybdic-phosphotungstic acid (3 × 3 min) before being incubated in aniline 
blue for 5 min at room temperature. The slides were transferred into 1% glacial acetic acid 
for 2 min. Slides were submerged in 96% ethanol and then covered. Slides were viewed 
and automatically captured using 40x objective on a modified Olympus BX51 microscope 
with brightfield settings and controlling software (StereoInvestigator; MBF BioScience, 
Williston, VT, USA). The area occupied by collagen was stained blue and non-collagen 
tissues was stained deep red.

Statistics
All data are expressed as individual values or means±SDs when multiple samples were 
measured. A Student’s unpaired t-test was used to compare collagen contents between 
the mixed muscle and muscle connective protein fractions. Student’s paired t-tests were 
used to compare amino acid concentrations between myofibrillar and muscle connec-
tive protein fractions. Statistical significance was set at P > 0.05. All calculations were 
performed using SPSS 21.0 (IBM, Chicago, Il). 

RESULTS

Histology
Histological analysis of skeletal muscle tissue cross-sections using Mason’s Trichrome 
staining revealed patches of collagen and interconnecting collagen strands between 
muscle fibers within the extracellular matrix (Figure 6.2).
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Amino acid composition
Tissue glycine contents were 5, 10, and 7 μmol/mg dry weight (DW) in myofibrillar, con-
nective, and mixed muscle protein fractions, and ranged between 28-31 μmol/mg DW 
in lateral meniscus, patellar tendon, and anterior cruciate ligament tissues (Table 6.1). 
Glycine represented a greater proportion of total amino acid content in the muscle 
connective protein fraction (9±1%) when compared with the myofibrillar protein frac-
tion (5±1%, P<0 05; Figure 3). Tissue proline contents were 3, 5, and 6 μmol/mg DW in 
myofibrillar, connective, and mixed muscle protein fractions, and ranged between 11-12 
μmol/mg DW in lateral meniscus, patellar tendon, and anterior cruciate ligament tissues 
(Table 6.1). Proline represented a greater proportion of total amino acid content in the 
muscle connective protein fraction (6±0%) when compared with the myofibrillar protein 
fraction (4±0%, P<0.05; Figure 6.3). Hydroxyproline was not detectable in myofibrillar 
and mixed muscle protein fractions, but hydroxyproline concentrations were 1 μmol/
mg DW in the muscle connective protein fraction and ranged between 10-12 μmol/mg 
DW in lateral meniscus, patellar tendon, and anterior cruciate ligament tissues (Table 
6.1). Hydroxyproline represented a greater proportion of total amino acid content in 
the muscle connective protein fraction (1±1%) compared with the myofibrillar protein 
fraction (0%, P<0.05; Figure 3). Leucine concentrations ranged between 8-9 μmol/mg 
DW in myofibrillar, connective, and mixed muscle protein fractions, and 3-4 μmol/mg 
DW in lateral meniscus, patellar tendon, and anterior cruciate ligament tissues (Table 6.1). 
Leucine represented a greater proportion of total amino acid content in the myofibrillar 

Figure 6.2. Representative histological images subjected to Mason’s Trichrome staining showing 
collagen (blue) organization surrounding adjacent skeletal muscle fibers (red). Images show muscle 
cross-sections obtained from a healthy, older male (32), with arrows indicating a large patch of colla-
gen within the extracellular matrix (panel A) and interconnecting collagen fibers weaving between 
muscle fibers (panel B). 
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protein fraction (10±0%) when compared with the muscle connective protein fraction 
(8±0%, P<0.05; Figure 6.3). Phenylalanine concentrations ranged between 3-4 μmol/mg 
DW in myofibrillar, connective, and mixed muscle protein fractions, and 1-2 μmol/mg DW 
in lateral meniscus, patellar tendon, and anterior cruciate ligament tissues (Table 6.1). 
Phenylalanine represented a greater proportion of total amino acid content in the muscle 
connective protein fraction (3.2±0.0%) when compared with the myofibrillar protein 
fraction (3.1±0.0%, P<0.05; Figure 6.3). The sum of essential amino acids averaged 38±0 
and 39±1% of total amino acid content in myofibrillar and muscle connective protein 
fractions, respectively (P>0.05, Figure 6.3). The sum of non-essential amino acids aver-
aged 62±0 and 61±1% of total amino acid content in myofibrillar and muscle connective 
protein fractions, respectively (P>0.05, Figure 6.3). The relative amino acid compositions 
of extracellular matrix, muscle connective, and myofibrillar proteins were attained from 
the UniProt protein database (37) and are presented in (Table 6.2).

Table 6.1. Amino acid relative abundance in myofibrillar and muscle connective protein fractions 
compared with mixed muscle, meniscus, and ligament tissues1

 
 

Myofibrillar 
protein frac-
tion

Muscle 
connective 
protein 
fraction

Mixed 
muscle 
protein

Lateral 
meniscus 
tissue

Patellar 
tendon 
tissue

Anterior 
cruciate 
ligament 
tissue

Glycine (mmol/mg DW) 5 10 7 28 30 31

Proline (mmol/mg DW) 3 6 5 11 12 11

Hydroxyproline (mmol/mg DW) 0 1 0 11 10 12

Leucine (mmol/mg DW) 9 8 9 4 3 3

Phenylalanine (mmol/mg DW) 3 3 4 2 2 1

1Data are expressed as mmol/mg dry tissue weight (DW). n=1 per protein/tissue type. Myofibrillar 
and muscle connective protein fractions were isolated from the same muscle tissue sample col-
lected as part of the study by Leenders et al. (27). Lateral meniscus, patellar tendon, and anterior 
cruciate ligament tissue samples were collected as part of the study by Smeets et al. (28). 
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Tissue collagen content
Tissue collagen content expressed relative to dry initial tissue weight represented 0, 1, 
and 1% of myofibrillar, muscle connective, and mixed muscle protein fractions, and 
ranged between 76-100% of lateral meniscus, patellar tendon, and anterior cruciate 
ligament tissue (Table 6.3). When expressed relative to total protein, collagen content 
represented 5±1 and 1±0% of the muscle connective and mixed muscle protein fractions, 
respectively (Table 6.4).

Figure 6.3. Amino acid content of myofibrillar and muscle connective protein fractions isolated 
from skeletal muscle tissue samples (n =12) collected as part of the studies by Kouw et al. (29) and 
Trommelen et al. (30). Amino acid content is presented as % of total amino acid (TAA) content. Note: 
Tryptophan, Asparagine, and Glutamine were not measured. ΣEAA, sum of all essential amino acids; 
ΣNEAA, sum of all non-essential amino acids. 

Table 6.3. Collagen contents relative to dry weight of the respective fraction/tissue in myofibrillar 
and muscle connective protein fractions compared with mixed muscle, meniscus, and ligament tis-
sues1

 
 

Myofibrillar 
protein frac-
tion

Muscle 
connective 
protein frac-
tion

Mixed 
muscle 
protein

Lateral 
meniscus 
tissue

Patellar 
tendon 
tissue

Anterior 
cruciate 
ligament 
tissue

Collagen content (mg/mg DW) 1 9 13 762 821 1012

Collagen content (% DW) 0.1 0.9 1.3 76 82 100

1Collagen contents based off hydroxyproline concentrations from separate tissues expressed rela-
tive to dry tissue weight. n=1 per protein fraction/tissue type. Myofibrillar and muscle connective 
protein fractions were isolated from the same muscle tissue sample collected as part of the study by 
Leenders et al. (27). Lateral meniscus, patellar tendon, and anterior cruciate ligament tissue samples 
were collected as part of the study by Smeets et al. (28). 
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Proteomics
Proteomics analysis identified 296, 236, and 406 proteins in the muscle connective, 
myofibrillar, and mixed muscle protein fractions, respectively. When expressed relative 
to total protein abundances, alpha-actin (10-23%) and beta-myosin heavy chain (myo-
sin-7; 8-18%) were the most abundant proteins in the myofibrillar, muscle connective, 
and mixed muscle protein fractions (Figure 6.4). Nebulin was identified as the second 
most-abundant protein in the muscle connective protein fraction (15%), while represent-
ing 3 and <1% of the detectable proteins in the myofibrillar and mixed muscle protein 
fractions, respectively (Figure 6.4). Desmin represented 6% of detectable proteins in the 
muscle connective protein fraction, and <1% in the myofibrillar and mixed muscle pro-
tein fractions (Figure 6.4). Myofibrillar proteins, including actin, myosin-2, myosin-7, and 
troponin-1, accounted for a larger proportion (39%) of the myofibrillar protein fraction 
than the connective protein fraction (32%). In contrast, the muscle connective protein 
fraction had a much higher proportion (42%) of key scaffolding proteins such as nebulin, 
titin, myozenin, desmin, and actinin, compared to the myofibrillar protein fraction (11%). 
When expressed relative to the same proteins in mixed muscle protein, we detected 
greater abundances of several collagen α-chains corresponding to collagen I, III, IV, VI, VII, 
XIV, XV, and XVIII along with several cell adhesion proteins (e.g., fibronectin, laminin) in 
the muscle connective protein fractions that were either absent or undetectable in the 
myofibrillar fraction (Table 6.5).  

Table 6.4. Collagen content relative to total protein content of the respective fraction in muscle 
connective protein fraction and mixed muscle protein1

   
Muscle connective protein 
fraction Mixed muscle protein

Protein content (mg/mg DW) 390±42 783±13

Collagen content (mg/mg DW) 17±5 9±1

Relative collagen content (%) 5±1* 1±0

1Protein content based off nitrogen content and collagen content based off hydroxyproline concen-
tration, expressed as ug/mg dry weight (DW) of isolated fraction (muscle connective protein) or tis-
sue (mixed muscle protein). n=2 per protein fraction/tissue type. Myofibrillar and muscle connective 
protein fractions were isolated from the same muscle tissue samples. The samples were collected as 
part of the study by Leenders et al. (27).
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Figure 6.4. Protein abundancies within muscle connective, myofibrillar, and mixed muscle protein 
isolated from a muscle tissue sample (n=1) collected as part of the study by Witard et al. (4). Protein 
abundancies were expressed relative (%) to the total abundance of all identified proteins (451 pro-
teins). Proteins with >1% abundancy are displayed individually and all proteins <1% are aggregated 
and displayed as “other proteins”.

Table 6.5. Identification of selected key connective proteins within the myofibrillar and muscle con-
nective protein fractions within muscle tissue1

Myofibrillar protein frac-
tion

Muscle connective protein 
fraction

Extracellular 
matrix proteins

Collagen I α-1 chain = ++

Collagen I α-2 chain = ++

Collagen III α-1 chain ++ +

Collagen IV α-1 chain - +++

Collagen IV α-2 chain -- ++

Collagen VI α-1 chain - ++

Collagen VI α-2 chain = +

Collagen VI α-3 chain - +

Collagen VII α-1 chain -- =

Collagen XIV α-1 chain --- ++

Collagen XV α-1 chain - ++

Collagen XVIII α-1 chain -- =

Decorin - +++

Cell adhesion 
proteins

Agrin ++ +++

Dystroglycan - ---

Dystrophin + +++

Fibronectin + =

Fibulin-1 + +++

Fibulin-1 (isoform C) --- +++
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Myofibrillar protein frac-
tion

Muscle connective protein 
fraction

Extracellular 
matrix proteins

Fibulin-2 (isoform 2) - ---

Laminin (subunit α-2) - ++

Laminin (subunit α-4) - ++

Laminin (subunit β-1) - +++

Laminin (subunit β-2) -- ++

Laminin (subunit γ-1) -- ++

Matrilin-2 - +++

Nidogen 1 + ++

Nidogen 2 = +++

Vinculin = --

Vitronectin -- --

Scaffolding 
proteins

α-actinin-1 - ++

α-actinin-2 = +++

α-actinin-3 --- ++

α-actinin-4 +++ =

α-sarcoglycan + ---

γ-sarcoglycan + ---

δ-sarcoglycan (isoform 2) + ---

Actin-binding LIM protein 2 - ++

Biglycan = =

Desmin + +++

Filamin-A -- ++

Filamin-B (Isoform 8) + ++

Filamin-C -- +

Myozenin-1 = ++

Myozenin-2 ++ +++

Myozenin-3 +++ +++

Myomesin-1 - =

Myomesin-2 - +

Myomesin-3 - ++

Myotilin + ++

Myopalladin -- =

Nebulin ++ +++

Nebulin (Isoform 2) + +++

Obscurin (isoform 5) -- +
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Myofibrillar protein frac-
tion

Muscle connective protein 
fraction

Extracellular 
matrix proteins

Plectin = +++

Supervillin -- ++

Synemin (isoform 2) = +++

Telethonin - +

Tenascin - ++

Titin (Isoform 6) = +++

Titin (Isoform 12) - ++

Titin (Isoform 13) = +++

Tubulin α-1A chain = +++

Vimentin ++ +++

1Muscle connective and myofibrillar protein fractions were isolated from the same muscle tissue 
samples (n=3) collected as part of the studies by Witard et al. (4) and Stellingwerff et al. (31). Muscle 
tissue samples underwent a step-wise protein extraction protocol involving NaCl/EDTA, SDS, and 
urea/thiourea treatments, followed by pepsin digestion. Extracted peptides were analyzed using 
LC-MS/MS, and data were processed with Proteome Discoverer 2.2 for protein identification and 
quantification. Data are calculated and expressed on a log2 scale compared to the same proteins 
identified in mixed muscle protein (i.e., fold-changes). When compared to mixed muscle protein: ---, 
less than -2 fold; --, 2 - 1 fold lower; -. 1 - 0.3 fold lower; =, -0.3 – 0.3 fold; +, 0.3 – 1 fold greater; ++, 
1 – 2 fold greater; +++, more than 2 fold greater. 
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DISCUSSION

In this study, we investigated the protein content and amino acid composition of the 
myofibrillar and connective protein fractions extracted from skeletal muscle tissue biop-
sies. We show 1) that muscle collagen content constitutes between 1-2% of mixed muscle 
tissue protein sampled from the M. vastus lateralis using the Bergström biopsy needle 
approach, 2) that the muscle connective protein fraction contains an enriched proportion 
of collagen compared to the myofibrillar and mixed muscle protein fractions, and 3) that 
the muscle connective protein fraction also contains a larger proportion of other intra- 
and extra-cellular matrix, cell adhesion, and scaffolding proteins when compared to the 
myofibrillar protein fraction.

We observed that collagen content constitutes 1-2% of mixed muscle tissue by dry weight 
(Table 6.1) and is organized primarily as extracellular fibrils connecting adjacent muscle fi-
bers (Figure 6.2). Our histological observations align with images attained using scanning 
electron microscopy depicting the three-dimensional arrangement of interconnecting 
collagen fibers within the muscle extracellular matrix (38). The collagen content in skeletal 
muscle is shown to be far lower in comparison to meniscus, tendon, and ligament tissues, 
which typically range between 80-100% collagen content by dry weight (Table 6.1). Our 
findings in meniscus, tendon, and ligament tissues align well with the existing literature 
(39, 40), while our findings in muscle tissue align well with some (41, 42) but not all (9, 
10) studies evaluating collagen content in human skeletal muscle tissue. In comparison 
to the present data, the contrasting studies have reported approximately 5-fold greater 
(5 vs 1%) collagen content values in M. vastus lateralis muscle samples collected from 
younger and older men (9, 10, 42). Our reported values align with mixed muscle collagen 
contents as recently reported by our group in a much larger cohort of n=25 healthy, 
young men (2±1%) (16). Furthermore, we confirm that the discrepancy between collagen 
contents is unrelated to analytical differences since we applied a liquid chromatography 
methodological approach similar to Haus et al. (10) and internally verified by our UPLC 
values by comparison with a colorimetric hydroxyproline assay (MAK357, Sigma-Aldrich, 
unpublished findings). We, therefore, can only speculate on the discrepancy between the 
current findings and some of the previously reported muscle collagen contents (9, 10, 
42), which may be related to differences in biopsy needle placement during sampling 
(e.g., closer to the muscle-tendon junction). In support, muscle collagen contents have 
been reported to become greater towards the distal end of a muscle in comparison with 
the middle region (43), which was where the present muscle biopsy samples were col-
lected from. Despite the small differences observed between studies, our findings extend 
upon to the current understanding that collagen content in human muscle tissue is low, 
ranging between 1-5% by dry tissue weight.
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Over the last decades, our laboratory (14–16, 18) as well as others (20, 22, 23, 44, 44, 
45) have directed more attention on evaluating muscle connective protein adaptive 
responses by measuring muscle connective protein synthesis rates following various 
stimuli. Within the literature, connective proteins have been isolated from mixed muscle 
samples using either a KCl (9, 14–16, 18–22, 24, 25, 44, 46–51) or NaOH (23, 45, 52) incu-
bation to solubilize myofibrillar proteins. Though the insoluble fraction is often inadver-
tently referred to represent muscle derived collagen (9, 19, 21, 23–25, 45–52), we (14–16, 
18, 53) as well as others (20, 22, 44) prefer to refer to this muscle fraction as the muscle 
connective protein fraction, reflecting the complex network of collagenous as well as 
non-collagenous intra- and extra-cellular matrix proteins. Given the absence of prior 
characterization, we sought to characterize the composition of the muscle connective 
and myofibrillar protein fractions isolated using the more commonly applied KCl incuba-
tion protocol. We observed that the majority (~70%) of collagen originating from mixed 
muscle tissue is extracted and retained in the muscle connective protein fraction (Table 
6.3). In line, the myofibrillar protein fraction contained only a trace amount of collagen 
(Table 6.3). When expressed relative to total protein content, the connective protein frac-
tion contained 5% collagen, which was 5-fold greater in comparison to ~1% measured 
in the mixed muscle tissue fraction (Table 6.4). Together, these data illustrate that while 
most of the collagen from mixed muscle tissue is isolated and retained in the connective 
protein fraction, the muscle connective protein fraction must also contain a substantial 
amount of non-collagenous proteins that form a large part of the muscle connective 
protein network. 

Considering the contribution of non-collagenous proteins in the connective protein 
fraction, we then compared the amino acid profiles between the two fractions. While the 
amino acid profiles were relatively similar, the muscle connective protein fraction exhib-
ited greater hydroxyproline, proline, and glycine contents in comparison to the myofibril-
lar protein fraction (Figure 6.3). These findings were to be expected since hydroxyproline 
is only found in collagen (~13.5%), with proline (~13%) and glycine (~25%) being the 
most abundant amino acids in collagen (53). When compared to their contents in pure 
collagen, we observed lower relative contents of hydroxyproline (1%), proline (6%), and 
glycine (9%) in the muscle connective protein fraction. The discrepancy between the 
amino acid contents of pure collagen and muscle connective tissue aligns with our prior 
observation that a large proportion of the muscle connective protein fraction must con-
sist of non-collagenous proteins. 

We subsequently evaluated the protein composition of the muscle connective and 
myofibrillar protein fractions by performing an additional step-wise protein extraction 
protocol followed by proteomic identification (34). When expressed relative to the same 
proteins in mixed muscle protein, we detected greater abundances of several collagen 
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α-chains corresponding to collagen I, III, IV, VI, VII, XIV, XV, and XVIII along with several 
cell adhesion proteins (e.g., fibronectin, laminin) in the connective protein fractions that 
were either absent or undetectable in the myofibrillar fraction (Table 6.5). Key scaffold-
ing proteins (i.e., nebulin, titin, myozenin, desmin, actinin) were also detected in greater 
abundances within the connective protein fraction (Table 6.5) and constituted a greater 
proportion of the muscle connective protein fraction (42% of detected proteins) when 
compared to the myofibrillar protein fraction (11% of detected proteins, Figure 6.4). These 
data further solidify our conclusion that non-collagenous scaffolding and matrix proteins 
constitute a large portion of the muscle connective protein fraction. In line, most of these 
non-collagenous proteins contain glycine and proline contents that are far lower than 
typically observed in collagenous proteins (Table 6.2). Overall, these data indicate that 
the present isolation protocol successfully extracts muscle connective proteins, resulting 
in a fraction representing a greater density of intra- and extra-cellular collagenous as well 
as non-collagenous connective proteins. 

The isolation of myofibrillar and muscle connective protein fractions from muscle tissue 
samples is typically applied to assess amino acid incorporation in these specific fractions 
to determine potential differences in the remodeling of the muscle contractile versus 
connective tissue network in response to various stimuli. So far, it has been well estab-
lished that a bout of exercise strongly increases muscle connective protein synthesis rates 
(3, 14, 18, 19, 24). Protein ingestion is well known to increase myofibrillar protein syn-
thesis rates (5, 18, 26). However, only two studies have demonstrated that protein intake 
increases post-exercise muscle connective proteins synthesis rates (44, 54), while many 
others have failed to demonstrate any impact of protein ingestion on muscle connective 
protein network remodeling at rest or during post-exercise recovery (9, 14, 15, 18–22). It 
has been suggested that the absence of any stimulatory impact of protein ingestion may 
be related to the type of protein ingested in the existing literature. As collagen contains 
particularly high glycine and protein concentrations, it has been suggested that colla-
gen protein ingestion may be more effective in stimulating muscle connective protein 
synthesis (55). However, recent work has indicated that collagen protein ingestion does 
not result in greater muscle connective protein synthesis rates when compared to whey 
protein ingestion at rest or during post-exercise recovery (18, 23). Furthermore, connec-
tive protein ingestion does not seem to further increase post-exercise muscle connective 
protein synthesis rates when compared to placebo ingestion (18). Despite our present 
observation that the connective tissue fraction is enriched with collagen when compared 
with mixed muscle protein, collagen merely represents 5% of total protein content of the 
muscle connective tissue fraction (Table 6.4). Given this low collagen content, it is unlikely 
that glycine and proline availability is restrictive and, as such, it would also be unlikely that 
collagen protein ingestion would upregulate muscle connective protein synthesis rates 
when compared to other sources of dietary protein (e.g., dairy protein). Whether collagen 
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ingestion can augment protein synthetic responses in more collagen-dense tissues, such 
as tendons, ligaments, menisci, cartilage, and/or bone remains to be determined. In any 
case, it remains of importance to understand nutritional and therapeutic interventions 
to promote muscle connective tissue remodeling (53). Effective dietary strategies to 
support muscle connective tissue remodeling will require further identification of amino 
acid precursors and/or potential nutritional co-factors that may stimulate remodeling of 
scaffolding, cell adhesion, and collagen proteins within skeletal muscle tissue. 

In conclusion, mixed muscle tissue biopsies contain very little amounts of collagen (<1%). 
The extraction of connective proteins from skeletal muscle biopsies using KCl incubation 
retains most of the collagen, resulting in a collagen-enriched muscle protein fraction 
(5%). Using proteomic identification, we confirm that this collagen enriched muscle con-
nective protein fraction also contains an even larger proportion of other non-collagenous 
intra- and extracellular scaffolding and cell adhesion proteins that contribute to the 
muscle connective protein network. Consequently, when assessing amino acid tracer 
incorporation in this connective protein enriched muscle tissue fraction, we are in fact as-
sessing muscle connective protein synthesis rates rather than collagen protein synthesis 
rates.  
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CHAPTER xCHAPTER 77



General discussion



Skeletal muscle is a complex and dynamic tissue composed of many different fractions, 
with proteins serving distinct physiological functions that contribute to muscle metabo-
lism, performance, and plasticity (1-3). There are two major protein fractions (i.e., myofi-
brillar and connective protein) that can be distinguished within skeletal muscle tissue. 
Myofibrillar proteins are mainly responsible for force production by the contractile appa-
ratus, whereas connective proteins are instrumental to ensure proper force transmission. 
Both the myofibrillar as well as muscle connective protein networks are under constant 
remodeling to ensure that skeletal muscle tissue can adapt to the stimuli imposed upon. 
However, as these two muscle tissue fractions serve distinct functions, it is not surpris-
ing that their (amino acid) composition differs as well. Myofibrillar proteins are mainly 
composed of the two proteins actin and myosin containing a high proportion of leucine, 
glutamic acid, and lysine (4, 5). The connective proteins, such as those in the extracel-
lular matrix (i.e. collagen), are rich in amino acids glycine, proline, and hydroxyproline (6). 
Based on current dietary protein recommendations (7), athletes are typically advised to 
consume 20-25 g of a high-quality protein during recovery from an exercise bout to sup-
port muscle conditioning and, as such, to optimize exercise training adaptations. Dietary 
protein derived amino acids provide building blocks for synthesizing de novo muscle 
proteins (8). The capacity of protein ingestion to stimulate (post-exercise) muscle protein 
synthesis rates can be modulated by the type of protein ingested, as this determines 
the availability of amino acids in circulation that form the precursors for muscle protein 
synthesis (9, 10). It has been well established that ingestion of high-quality protein, with 
a high abundance of essential amino acids (leucine in particular), during recovery from 
exercise further augments myofibrillar protein synthesis rates (11, 12). In Chapters 2, 3 
and 5 we show that a single bout of resistance exercise stimulates muscle connective 
proteins synthesis rates, which is in line with other studies (13-16). However, ingestion 
of up to 40 g of high-quality dairy protein does not further augment muscle connective 
protein synthesis rates (17, 18). It has been suggested that these protein sources may not 
provide sufficient amino acid precursors, glycine in particular, that are specifically prereq-
uisite to support a further increase in post-exercise muscle connective protein synthesis 
rates. Nevertheless, our laboratory showed that dietary protein-derived amino acids are 
used for de novo muscle connective protein synthesis, which is further enhanced during 
recovery from exercise (17, 18). Consequently, there is an active debate as to whether 
the muscle connective protein network or connective tissues in general are responsive to 
protein ingestion at rest and/or during recovery from exercise. 

Why dietary collagen protein?
Connective tissue, particularly bodily collagen, is largely composed of the amino acids 
glycine and proline (19). These amino acids are, therefore, critical as precursors within the 
circulation to support the conditioning of connective tissue. While the ingestion of many 
different protein sources increases circulating proline concentrations, the increase is 
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substantially higher after (co)ingestion of collagen protein ((20) and Chapters 2, 3, 4 and 
5). Glycine, on the other hand, is not abundantly present in most high-quality protein 
sources (21). In Chapter 2 and 3, we shown that whey protein ingestion even results in a 
decline in circulating glycine concentrations during recovery from resistance exercise. In 
contrast, we show that collagen protein (co)ingestion strongly increases the availability 
glycine in the circulation ((20) and Chapters 2, 3, 4 and 5). Therefore, we as well as others 
have speculated that collagen protein ingestion may have an anabolic effect and could 
stimulate connective tissue protein synthesis rates in vivo in humans (20, 22-26). 

In this thesis we assessed the anabolic effect of collagen protein ingestion on muscle 
connective proteins. However, in Chapters 2 and 3 collagen protein ingestion at rest or 
following a single resistance exercise session did not result in an increase in muscle con-
nective protein synthesis rates. Only the co-ingestion of 5 g of collagen protein with 25 
g of whey protein increased muscle connective protein synthesis rates at rest, however, 
not during recovery from resistance exercise (Chapter 5). Whether the increase in muscle 
connective protein synthesis rates following protein blend ingestion is due to the inges-
tion of a small portion of collagen protein or simply the provision of a total of 30 g of 
protein remains to be established. The lacking muscle connective protein remodeling 
following collagen protein ingestion may, in part, be explained by the composition of 
the muscle connective protein network. As shown in Chapter 6, the muscle connecV-
tive protein fraction contains an enriched proportion of collagen among a substantial 
proportion of intra- and extracellular scaffolding and cell adhesion proteins. Of all pro-
teins in this fraction, collagen protein accounts for ‘only’ ~5%. Furthermore, compared 
to pure collagen (~33% glycine and ~13% proline), we observed lower relative contents 
of glycine (9%) and proline (6%) in the muscle connective protein fraction. Glycine and 
proline concentrations of a whole muscle sample, including all fractions, are actually 
relatively similar to the muscle connective protein fraction (27). While muscle consists of a 
substantial amount of collagen protein, its overall amino acid composition is quite differ-
ent to dietary collagen protein. These data indicate that collagen protein ingestion does 
not provide a balanced set of building blocks for muscle, mainly delivering non-essential 
amino acids, especially glycine and proline. However, muscle tissue is not the only bodily 
tissue that contains collagen.

Collagen protein as part of the human body
Collagen is the most abundant protein in the human body, making up approximately 
30% of its total protein content (28). As a structural protein, collagen plays a critical role 
in maintaining the integrity, elasticity, and strength of connective tissues (29). Its unique 
fibrous nature and ability to form stable triple-helix structures make it essential for me-
chanical stability and cellular function across various tissues. Collagen belongs to a family 
of proteins characterized by a repeating glycine-X-Y amino acid sequence, where X and Y 
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are often proline and hydroxyproline (30). There are at least 28 known types of collagen 
proteins, each serving specific roles in the body (31). Among these, collagen types I, II, III, 
and IV are the most prevalent (1). Collagen type I is found in skin, tendons, and bones and 
accounts for nearly 90% of the body’s collagen (32). Collagen type II is the main protein in 
cartilage (33). Collagen type III contributes to the structure of internal organs like the liver 
and spleen (34), and collagen type IV forms part of basement membranes (35). In the skin, 
collagen provides structural support and elasticity. In bones, collagen forms a matrix that 
supports the deposition of minerals such as calcium, enhancing strength and durability 
(36). Tendons and ligaments rely on collagen for the flexibility and tensile strength neces-
sary for movement and joint stability, while in cartilage collagen is needed to maintain 
compressive strength. Additionally, collagen reinforces the structural integrity of internal 
organs and strengthens arterial walls, playing a key role in vascular health. 

In this thesis we investigated the effects of dietary collagen protein ingestion on muscle 
remodeling. However, as observed in Chapter 6, muscle and even the muscle connective 
protein fraction consist of only ~1 and ~5% collagen protein, respectively. Other mus-
coskeletal tissues within the body, such as ligaments, tendons, cartilage, and bones, are 
more collagen dense with ~75-95% collagen content of dry weight (Figure 7.1) (37, 38). 
Due to the higher collagen content in those tissues a higher glycine content is evident. 
Previously our laboratory has shown that ligament, tendon, cartilage and bone glycine 
contents vary between ~38 and ~42% (27). Hence, tissues with a relatively high glycine 
content may require greater amounts of exogenous glycine provision to provide suffi-
cient building blocks for tissue remodeling. 

Muscle
~1 % collagen

Tendon
~90 % collagen

Skin
~80 % collagen

Bone
~2 % collagen

Ligaments
~95 % collagen

Cartilage
~85 % collagen

Figure 7.1. Collagen protein content of total protein content for different tissues within the human 
body. Figure created with BioRender.com.



157

General discussion

7

Habitual dietary glycine intake
Dietary collagen protein is primarily derived from animal connective tissues, such as skin, 
tendons, cartilage, and bones. This makes it a significant component of whole foods like 
(processed) meat, poultry, fish, and bone broth, as well as gelatin-based products like jel-
lies and gummy candies. Protein is digested and becomes available as amino acids in the 
circulation. Within collagen protein, the amino acid glycine is the most abundant (20). Gly-
cine is considered a non-essential amino acid as it can be synthesized by the amino acid 
serine and serves as a precursor for important biomolecules like glutathione, creatine, 
and heme (39, 40). It is also crucial for collagen synthesis in the human body, serving as 
the main building block. Dietary glycine intake can vary significantly depending on food 
choices and cultural dietary patterns. Glycine is found in a variety of protein-rich foods, 
but higher contents are associated with animal-based and collagen-dense food products 
((41) and Table 7.1). In a typical Western diet, the consumption of collagen protein is often 
limited as connective tissues of animals are not consumed in large amounts due to the 
preference of lean meats (42). Foods such as skin, bones, tendons, and organ meats, are 
less popular compared to muscle meats (42). Vegan options that contain higher amounts 
of glycine are, but not limited to, seeds, peanuts, and soybeans (Table 7.1). 

Table 7.1. Glycine content per 100 g of selected whole food products.1

Food source (high glycine)
Glycine content 
(g)

Food source (low glycine)
Glycine content 
(g)

Pork skin snack 11.92 Gouda cheese 0.46

Pork ears, raw 4.40 Egg, hard boiled 0.42

Bone broth, chef made2 3.92 Kidney beans, cooked 0.36

Whelk, cooked 2.99 Bread, white 0.32

Veal liver, cooked 2.20 Hummus 0.22

Lean beef steak, cooked 2.04 Quinoa, cooked 0.21

Cuttlefish, cooked 2.03 Pasta, cooked 0.20

Octopus, cooked 1.87 Peas 0.18

Pumpkin seeds, dried 1.84 Oatmeal, cooked with water 0.15

Soybeans, roasted 1.83 Cream cheese 0.14

Ground (minced) beef, 3% fat 1.79 Non-fat yoghurt 0.14

Parsley, dried 1.76 Spinach, raw 0.13

Beef hamburger patty, panfried 1.73 White rice, cooked 0.12

Clams, cooked 1.60 Avocado 0.10

Peanuts 1.55 Broccoli, cooked 0.10

Salami 1.55 Portobello mushrooms, raw 0.10

Bacon, panfried 1.55 Oranges 0.10

Chicken breast without skin, 
roasted

1.52 Sweet potatoes, baked 0.08
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A previous study by Gibson et al. (44) reported that an average Western diet, which typi-
cally includes 1.13 g of protein per kg of body weight, provides approximately 3 grams 
of glycine per day for an adult weighing 80 kg. In Table 7.2, an example of a typical food 
intake for a day for an 80 kg Dutch adult is displayed. This intake provides approximately 
2500 kcal and 100 g of protein, corresponding to 1.25 g/kg bodyweight per day. Based 
on this calculation, the dietary intake of glycine amounts to approximately 4.6 grams per 
day, which is roughly 50% higher compared to the findings reported by Gibson et al. (44). 
In our example, most of the glycine intake (~62%) originates from meat products like 
ham and ground beef. However, habitual dietary intake can be quite variable between 
days, with some days having a higher or lower intake of meat products. Diets that include 
a substantial amount of (processed) meat daily, could average an intake of around 4-5 
g of glycine per day. In contrast, a more vegetarian/vegan diet, which excludes animal 
products, are likely to be on the lower end of glycine intake, averaging approximately 2 
g per day. This makes that glycine intake may range between 2-5 grams per day within a 
balanced Dutch diet. Furthermore, this underscores the impact of personal food choices 
on the availability of amino acids from our dietsw

Food source (high glycine)
Glycine content 
(g)

Food source (low glycine)
Glycine content 
(g)

Ham, roasted 1.49 Potatoes, baked 0.07

Beef liver, panfried 1.48 Milk, 1% fat 0.07

Sunflower seeds, dried 1.46 Olives 0.05

Almonds 1.43 Carrots 0.05

Pork Bratwurst, cooked 1.30 Bananas 0.04

1Values are obtained from the USDA National Nutrient Database for Standard Reference, Legacy 
Release (43). 2Value obtained from Alcock et al. (20).

Table 7.2. Glycine content of foods for one day of a typical Dutch diet

Food source Amount (g) Glycine content (mg) 1

Breakfast

Oats 80 673

Milk, 1.5% 250 165

Banana 130 49

Peanut butter, 100% 20 287

Lunch

Bread, brown 140 423

Gouda cheese 30 146

Ham 30 419

Strawberry jam 20 0

Butter 20 4
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Is there a mismatch between glycine requirements and dietary intake?
As glycine is one of the most abundant amino acids within the human body and of key 
importance for many structural as well as metabolic proteins, knowing its requirements 
is crucial to maintain bodily function and structure. Previously, Meléndez-Hevia et al. 
(40) were the first to calculate dietary glycine requirements to meet the whole-body 
metabolic demand in healthy adults. This study estimated that 3 g glycine per day can be 
endogenously synthesized. The largest part of endogenous synthesis of glycine comes 
from serine and reactions with glycine hydroxymethyltransferase (45). A smaller portion 
of glycine is endogenously synthesized via other dietary compounds such as sarcosine 
and threonine (46). Next to the endogenous synthesis of glycine, Meléndez-Hevia et 
al. (40) estimated that 3 g of glycine becomes available from dietary protein, based on 
findings of Gibson et al. (44). This results in a total of approximately 6 g of glycine be-
coming available for metabolic consumption and synthesis of proteins. Approximately 
1.5 g glycine is required for synthesis of metabolites like glutathione and creatine (40). 
Based on estimated glycine needs as a precursor for de novo protein synthesis, in particu-
lar bodily collagen, 13 g of glycine is calculated to be required to support whole body 
protein synthesis (40). Combining available glycine from endogenous production and 
dietary protein with its metabolic consumption for synthesis of metabolites and proteins, 
a negative balance of 8.5 g glycine per day was calculated (40). Based on this, Meléndez-
Hevia et al. (40) concluded that the body’s endogenous glycine production capacity plus 
glycine intake from the diet could be insufficient to meet its overall metabolic demand. 
However, in the presented calculations the glycine need of the body is mainly based on 
how much collagen is present and turning over in the body. However, tissue protein syn-

Food source Amount (g) Glycine content (mg) 1

Apple 130 12

Carrots 60 14

Dinner

Lean ground beef 100 1998

Potatoes 200 114

String beans 150 98

Herb butter 25 5

Applesauce 200 12

Sunflower oil 10 0

Snack

Cheese blocks 30 146

Total 4563

1Glycine content estimated based on the USDA National Nutrient Database for Standard Reference, 
Legacy Release (43). Total protein content of the diet is 100 g (1.25 g of protein per kg bodyweight 
for an 80 kg person).
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thesis rates used to calculate glycine turnover are vastly overestimated within this study. 
For instance, skin and muscle protein synthesis rates of 2.0 and 3.5% per day estimations 
were used, respectively (40). However, our laboratory has previously shown that skin and 
muscle protein synthesis rates range between 1-2% and 0.6% per day, respectively, using 
contemporary stable isotope amino acid tracer methodology in vivo in humans ((27, 47) 
and Chapter 3). Therefore, I (re)calculated the whole-body glycine turnover for an 80 kg 
adult based on whole body protein content, glycine content per tissue and their turnover 
rates described in Calculation 1 and presented in Table 7.3. It is important to note that 
this calculation includes estimations of tissue protein contents as well as assumption with 
regards to the extent that glycine contents and turnover rates are similar across the tis-
sues.

Calculation 1
a)	 Total protein content of the body of an 80 kg adult can be estimated at ~11.5 kg (48)
b)	 The glycine content of the protein between different tissues varies from 9% for muscle 

(Chapter 6) up to 40% for tendons (27) (Table 7.3)
c)	 Total body glycine content is estimated at ~1.97 kg (Table 7.3)
d)	 Turnover rates between different tissues varies from 0.58%/d for skin (Chapter 3) up 

to 16%/d for pancreas (49)
e)	 With the estimated glycine content in tissues and their turnover rates a whole-body 

glycine turnover of ~32 g/d can be estimated (Table 7.3)

Table 7.3. Glycine content of bodily tissues and its turnover rates.

Tissue
Protein content 
in body (kg)

Glycine 
content (% 
of AA)

Glycine con-
tent (kg)

Turnover 
rate %/d

Glycine turn-
over (g)

Muscle 6.6 9 0.59 1.50 8.9

Bone 1.05 40 0.42 0.72 3.0

Ligaments + tendons 0.55 40 0.22 1.44 3.2

Cartilage 0.5 38 0.19 0.96 1.8

Skin 1.4 30 0.42 0.58 2.4

Organs (kidney, liver, spleen, 
heart, brain, lung, GI tract)

1.4 9 0.13 10 12.6

Whole body 11.51 17.12 1.971 2.332 32.01

1Sum of all tissues. 2Weighted-average based on protein content per tissue. 

Based on this Calculation 1 whole-body glycine turnover is approximately 32 g per day 
for an 80 kg adult (Table 7.3). Of this 32 g glycine, a large part can be recycled within the 
body. Amino acid recycling is the process by which the body reuses amino acids obtained 
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from protein breakdown. Recycling minimizes the need for intake of amino acids and al-
lows the body to efficiently manage resources. However, not the complete amino acid 
pool can/will be recycled, as a part is oxidized or excreted. As such, there is need for en-
dogenous amino acid synthesis and/or delivery from exogenous sources, like dietary 
protein. To identify the total amino acid requirement, the turnover rate needs to be multi-
plied with the amino acid recycling rate. As amino acid recycling rates are almost impos-
sible to measure and data is lacking, this is estimated based on the following Calculation 
2:

Calculation 2
a)	 For an 80 kg adult a whole-body protein turnover of ~268 g/d can be estimated 

(based on values from Calculation 1)
b)	 A minimum protein intake of 64 g/d is needed for bodily homeostasis (based on the 

RDA protein intake of 0.8 g/kg bodyweight (50))
c)	 Therefore, a minimum of ~24% of protein that is being turned over, needs to be in-

gested for bodily homeostasis, which would indicate an amino acid recycling of ~76%

Based on an estimated 76% amino acid recycling rate, at least 24% of turned-over 
amino acids must come from dietary intake to sustain whole-body protein synthesis. 
Given a daily glycine turnover of approximately 32 g (Calculation 1), this translates to a 
requirement of roughly 8 g of glycine per day to support whole-body protein synthesis 
processes. Together with the estimations for endogenous glycine synthesis and its use 
in metabolite production, as reported by Meléndez-Hevia et al. (40), we estimate that 
approximately 6.5 g of glycine per day must come from dietary protein sources to meet 
whole-body demands. Even on days with a relative high glycine intake of approximately 
4.5 to 5 g, as outlined in the section ‘Glycine in our habitual diet,’ the body would still 
require an additional 1.5 to 2 g of glycine to maintain homeostasis of bodily protein struc-
tures. Although this glycine ‘shortage’ is substantially smaller than what was calculated 
by Meléndez-Hevia et al. (40), our calculation also indicates that a typical Dutch diet may 
not provide sufficient glycine to support whole-body collagen synthesis and metabolite 
production. The gap between habitual glycine intake and total requirements provides 
merit to potential beneficial impact of consuming glycine-rich proteins (e.g., collagen 
rich foods and/or supplements) to support optimal tissue homeostasis. The calculations 
in this thesis, as well as those reported by Meléndez-Hevia et al. (40), are based on a 
scenario in which the human body is in equilibrium, requiring amino acid availability to 
meet physiological homeostasis. The discrepancy of glycine needs, and intake/synthesis 
may be explained by a (small) underestimation of how much glycine can be synthesized 
endogenously. The additionally ~1.5 g of glycine required per day may potentially be 
synthesized endogenously, which warrants further research. However, there are periods 
in life with increased protein turnover, and consequently higher glycine demands, events 
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where connective tissue requires more extensive (re)conditioning. Such life-events in-
clude, but are not limited to, pregnancy, childhood growth, intense physical activity over 
a longer period, recovery from orthopedic surgery and/or when an individual is suffering 
from burns (51-55). For pregnancy and childhood growth glycine is suggested to be a 
conditionally essential amino acid (45, 56, 57). Conditionally essential amino acids are 
those that are typically non-essential but become essential under specific conditions (58). 
During pregnancy and growth, the body builds a significant amount of tissue, including 
connective tissues. As a result, the demand for glycine surpasses the body’s capacity for 
endogenous synthesis, potentially limiting the optimal production of collagen and other 
glycine-rich tissues (45, 57). Alternatively, during periods of intense physical activity, 
such as prolonged exercise training, muscle protein synthesis rates are repeatedly and 
substantially elevated for up to 72 hours and longer after every exercise session (15). Dur-
ing such periods a higher dietary protein intake is advised to support (muscle) tissue (re)
conditioning (59). In addition to increased muscle protein synthesis rates, enhanced re-
modeling of tendons and bones is an absolute requirement during prolonged periods of 
more vigorous physical activity (60-62). As tendons and bones are more collagen-dense 
compared to muscle, a higher glycine availability could support more optimal tissue (re)
conditioning. In line, collagen protein supplementation has been reported to augment 
the increase in tendon cross-sectional area during prolonged resistance exercise training 
in healthy untrained men (63). A final category during which an increased whole body 
protein turnover, with a likely concomitant increased glycine demands, is likely to occur is 
during recovery from orthopedic surgery and burns. During orthopedic surgery patients 
often experience a certain degree of soft tissue damage due to detaching or cutting 
into tissues as well as cutting or drilling into bone (64). Following surgery, providing 
additional amino acids as tissue building blocks could support a more rapid recovery of 
damaged tissues. Burn victims experience a severe catabolic state characterized by body 
mass loss with increased whole-body protein breakdown (65). Hence, high(er) dietary 
protein intake is recommended to support recovery in these patient populations (66). 
Given that glycine is a key building block for damaged tissue repair, increasing plasma 
glycine availability may help to further support recovery. There are already indications 
that collagen protein supplementation could support the rate of wound healing in burn 
victims (67). Although evidence shows that collagen protein supplementation does not 
further enhance post-exercise muscle tissue conditioning during post-exercise recovery 
in healthy young adults (Chapters 2 and 3) there may be a strong(er) case for the pro-
posed benefits of collagen protein supplementation under conditions where more struc-
tural reconditioning of collagen/glycine rich tissues is required. While collagen protein is 
already advertised to support exercise recovery and tissue repair, we do not have clear 
and robust evidence to support these claims made by companies and (healthcare) pro-
fessionals. More research is needed to understand the potential role of collagen protein 
supplementation in promoting connective tissue synthesis. 
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Research questions for future studies: 
-	 How much glycine can the body synthesize on a daily basis?
-	 How much glycine is being recycled from protein breakdown for de novo protein 

synthesis?
-	 Does collagen protein supplementation reduce the functional recovery time after 

elective hip or knee surgery in older adults? 
-	 Does collagen protein supplementation improve bone fracture healing and/or reduce 

the incidence of non-union fractures?
-	 Can collagen protein supplementation reduce the return-to-play time in athletes that 

undergo ACL reconstruction surgery?
-	 Does collagen protein supplementation reduce the risk of overuse injuries such as 

tennis elbow or shin splints?
-	 Does collagen protein supplementation accelerate recovery following skin grafting in 

patients with severe burns?
-	 Does conversion to a vegan diet increase the risk of connective tissue injuries?
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SUMMARY

Skeletal muscle is a heterogenous tissue with myofibrillar and muscle connective proteins 
being responsible for force production and force transfer, respectively. Muscle remodel-
ing following exercise requires increases in both myofibrillar as well as muscle connective 
protein synthesis rates. While the ingestion of high-quality dairy protein, such as whey 
protein, increases myofibrillar protein synthesis rates, the impact of protein ingestion on 
muscle connective protein synthesis rates remains less evident. It has been suggested 
that ingestion of collagen, a rich source of glycine, may stimulate muscle connective 
protein synthesis rates. This thesis investigates the proposed anabolic effects of collagen 
ingestion on myofibrillar and muscle connective protein synthesis rates at rest and dur-
ing recovery from exercise in vivo in humans. 

In Chapter 2 we first show substantial differences in post-prandial amino acid concen-
trations following the ingestion of 30 g whey versus 30 g collagen protein. Only whey 
protein ingestion increased myofibrillar protein synthesis rates during recovery from 
exercise. Despite greater post-prandial increases in circulating glycine concentrations 
following collagen versus whey protein ingestion, neither collagen or whey protein in-
gestion increased muscle connective protein synthesis rates during the early stages of 
post-exercise recovery in both male and female recreational athletes.

The suggested anabolic properties of hydrolyzed collagen ingestion on connective tissue 
protein synthesis may be attributed to its high glycine content and/or to the proposed 
presence of bioactive peptides in hydrolyzed collagen. In Chapter 3 we show that the 
ingestion of collagen protein or an equivalent mixture of its free amino acids, does not 
increase myofibrillar or muscle connective protein synthesis rates at rest or during re-
covery from exercise in healthy, young adults. Furthermore, collagen or free amino acids 
ingestion do not seem to increase skin protein synthesis rates during the first few hours 
following ingestion. Consequently, we do not detect any anabolic properties of ingesting 
a single bolus of 30 g hydrolyzed collagen or an equivalent mixture of free amino acids.

It has been speculated that whey protein does not provide sufficient glycine to maximize 
post-exercise muscle connective protein synthesis rates. While collagen protein provides 
substantial amounts of glycine, it provides less essential amino acids and less leucine in 
particular. Therefore, we hypothesized that a protein blend providing both whey and 
collagen protein would be preferred to stimulate both myofibrillar and muscle connec-
tive protein synthesis rates by providing ample essential amino acids, while preventing a 
decline in circulating plasma glycine availability. Chapter 4 shows that the co-ingestion 
of a small amount of collagen (5 g) with whey protein (25 g) is sufficient to prevent the 
decline in plasma glycine availability, without compromising plasma leucine concentra-
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tions, during recovery from a single bout of resistance exercise in healthy, young men. 
In Chapter 5 we show that ingestion of this protein blend increases myofibrillar protein 
synthesis rates at rest, and during the early stages of post-exercise recovery. This protein 
blend also increases muscle connective protein synthesis rates at rest, however, does not 
allow a further increase in muscle connective protein synthesis rates during recovery 
from a single bout of resistance exercise in healthy, young men. 

Understanding the composition of the muscle connective protein fraction is essential to 
interpret muscle connective protein synthesis dynamics. As highlighted in Chapter 6, 
the muscle connective protein fraction contains a fairly low proportion of collagen along 
with key scaffolding and adhesion proteins. These structural components are vital for ex-
tracellular matrix stability and intracellular architecture. The study cautions against using 
muscle connective protein synthesis as a direct proxy for collagen synthesis in muscle 
tissue, as it represents the turnover of the entire muscle connective protein network. This 
insight is critical for refining research approaches and accurately assessing the impact of 
protein consumption on connective tissue remodeling in skeletal muscle tissue.

This thesis provides evidence that whey protein ingestion further stimulates myofibrillar 
protein synthesis rates, supporting its use in muscle recovery strategies. More work will 
be needed to establish the proposed surplus benefits of dietary collagen ingestion to 
support maintenance and repair of muscle tissue and/or other musculoskeletal tissues 
such as tendon, ligament, cartilage, and bone (Chapter 7).
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Skeletspier is een heterogeen weefsel waarbinnen de myofibrillaire eiwitten zorgen voor 
de productie van kracht en de bindweefsel eiwitten voor de overdracht van deze kracht 
naar spier, pees en botstructuren. De adaptieve response van spierweefsel op inspanning 
zorgt voor een toename in de aanmaak van zowel myofibrillaire als bindweefsel eiwit-
ten. Hoewel de inname van hoogwaardig zuiveleiwit, zoals wei eiwit, de myofibrillaire 
eiwitaanmaak verhoogt, is de invloed van eiwitinname op de aanmaak van bindweefsel 
eiwitten in spierweefsel minder duidelijk. Er wordt gesuggereerd dat de inname van col-
lageen, een rijke bron van glycine, de aanmaaksnelheid van spierbindweefsel eiwitten 
kan verhogen. Dit proefschrift onderzoekt de voorgestelde anabole effecten van de in-
name van collageen op de aanmaak van de myofibrillaire en spierbindweefsel eiwitten in 
rust en tijdens herstel na inspanning in mensen.

In Hoofdstuk 2 tonen we aanzienlijke verschillen in de aminozuurconcentraties in het 
bloed over de uren na inname van 30 g wei eiwit versus 30 g collageen eiwit. Alleen de 
inname van wei eiwit verhoogde de aanmaak van myofibrillaire eiwitten tijdens herstel 
na inspanning. Ondanks de sterkere stijging in glycine concentraties na inname van col-
lageen in vergelijking met wei eiwit, verhoogde de inname van collageen noch wei eiwit 
de aanmaak van bindweefsel eiwitten in spierweefsel tijdens de vroege stadia van herstel 
na inspanning bij zowel mannelijke als vrouwelijke recreatieve sporters.

De voorgestelde stimulerende eigenschappen van de inname van gehydrolyseerd col-
lageen op de aanmaak van bindweefsel eiwitten in de spier kunnen worden toegeschre-
ven aan het hoge glycinegehalte en/of de veronderstelde aanwezigheid van bioactieve 
peptiden in gehydrolyseerd collageen. In Hoofdstuk 3 tonen we aan dat de inname van 
gehydrolyseerd collageen of een vergelijkbaar samengesteld mengsel van vrije amino-
zuren de aanmaak van myofibrillaire en bindweefsel eiwitten niet verhoogd in rust of 
tijdens herstel na inspanning bij gezonde, jonge volwassenen. Bovendien resulteerde de 
inname van collageen of het aminozuur mengsel ook niet in een toegenomen aanmaak 
van huideiwitten. We konden geen anabole effecten aantonen na het innemen van een 
enkele dosis gehydrolyseerd collageen of een vergelijkbaar mengsel van aminozuren.

Er wordt gespeculeerd dat wei eiwit onvoldoende glycine bevat om de toename van de 
synthesesnelheid van bindweefsel eiwitten na inspanning maximaal te ondersteunen. 
Hoewel collageen aanzienlijke hoeveelheden glycine kan leveren, bevat het minder es-
sentiële aminozuren, en vooral minder leucine. Daarom is het mogelijk dat de inname 
van een combinatie van wei en collageen meer effectief is om de aanmaak van zowel 
de myofibrillaire als de bindweefsel eiwitten te stimuleren. Hoofdstuk 4 laat zien dat de 
inname van een kleine hoeveelheid collageen (5 g) met wei eiwit (25 g) al voldoende is 
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om een daling van de glycine beschikbaarheid in het bloed te voorkomen, zonder veel 
effect op de toename van de leucine concentratie in het bloed. In Hoofdstuk 5 tonen 
we vervolgens dat de inname van dit eiwitmengsel de aanmaak van de myofibrillaire 
eiwitten verhoogt in rust en tijdens herstel na inspanning. Inname van dit eiwitmengsel 
verhoogde ook de aanmaak van bindweefsel eiwitten in spierweefsel in rust, maar dit re-
sulteerde niet in een verdere toename van de aanmaak van bindweefsel eiwitten tijdens 
het herstel na een krachttrainingssessie bij gezonde, jonge mannen.

Inzicht in de eiwit samenstelling van het bindweefsel in spierweefsel is essentieel om de 
veranderingen in dit netwerk van bindweefsel te kunnen interpreteren. Zoals benadrukt 
in Hoofdstuk 6, bevat de bindweefselfractie van spierweefsel maar een zeer beperkte 
hoeveelheid collageen, met daarnaast een grote verscheidenheid aan structuureiwitten. 
Deze structurele componenten zijn cruciaal voor de stabiliteit van de structuur zowel 
buiten als binnenin de spiervezels. Deze analyse laat zien dat de gemeten aanmaak van 
bindweefsel eiwitten in spierweefsel niet als maatstaf gebruikt kan worden voor het 
bepalen van de aanmaak van collageen per se. Het besef dat de bindweefsel fractie in 
spierweefsel uit veel meer bestaat dan alleen collageen is van belang om eerder gepu-
bliceerd onderzoek in context te plaatsen, en zo toekomstig onderzoek op het gebied 
van voedingsinterventies en het effect hiervan op de aanpassingen in de bindweefsel 
structuur van spierweefsel verder te versterken. Dergelijk onderzoek zal nodig zijn om de 
voorgestelde meerwaarde van collageen suppletie ter ondersteuning van het onderhoud 
en de reparatie van spierweefsel en/of andere musculoskeletale weefsels zoals pezen, 
gewrichtsbanden, kraakbeen, en bot al dan niet aan te kunnen tonen (Hoofdstuk 7).
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This thesis investigated the anabolic properties of dietary collagen ingestion on skeletal 
tissue conditioning at rest and during recovery from exercise. It examined its effect on 
skeletal muscle tissue protein synthesis rates, and distinguishes between myofibrillar 
and muscle connective protein synthesis. This dissertation builds on previous research 
demonstrating that exercise serves as a powerful stimulus for muscle conditioning, sig-
nificantly increasing synthesis rates of both myofibrillar and muscle connective proteins 
(1-8). This highlights the importance of exercise in remodeling muscle tissue, playing 
a key role in maintaining, increasing, and supporting overall skeletal muscle mass and 
function. This thesis demonstrates that ingesting a high-quality protein, thereby provid-
ing substantial amounts of essential amino acids (e.g. whey) further increases myofibril-
lar protein synthesis rates during recovery from exercise. However, we show that the 
ingestion of a high-quality protein does not further augment muscle connective protein 
synthesis rates during post-exercise recovery. Skeletal muscle connective protein, and its 
main constituent collagen, is mainly composed of the amino acids glycine and proline. 
Although whey protein ingestion results in a rapid increase in circulating essential amino 
acids, there is a decline in post-prandial plasma glycine availability during recovery from 
exercise. In this thesis, we show that collagen protein ingestion strongly increases plasma 
glycine concentrations. Despite this increased glycine availability, this thesis shows that 
collagen protein ingestion does not further increase muscle connective (as well as myo-
fibrillar) protein synthesis rates at rest or during recovery from exercise in healthy young 
adults. To prevent a decline in circulating glycine concentrations while consuming whey 
protein, we subsequently proposed a protein blend of whey protein with a small amount 
of collagen Ingestion of this protein blend resulted in an increase in myofibrillar protein 
synthesis rates at rest and during the early stages of post-exercise recovery. Ingestion of 
this protein blend also increased muscle connective protein synthesis rates at rest, but 
not during recovery from a single bout of resistance exercise in healthy young men. 
These data suggest that presence of potential synergistic effects of combining whey 
with collagen ingestion as a means to optimize both myofibrillar and connective tissue 
remodeling. These findings may have broad implications for nutritional strategies aimed 
at enhancing athletic performance, injury recovery, and rehabilitation. The impact of this 
dissertation in terms of scientific relevance, target groups, societal relevance, but also the 
potential for translation into practice will be discussed next.

Scientific relevance
This dissertation enhances our understanding of the impact of exercise and protein 
ingestion on protein synthesis rates across different muscle fractions, highlighting their 
individual significance as well as their greater importance through interaction. In the past 
decades, most studies in the field of protein metabolism research explored the impact 
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of exercise and nutrition on the remodeling and synthesis of myofibrillar proteins only. 
However, we know that muscle connective proteins are essential for force transfer to 
allow joint rotation and therefore movement (9). Collagen protein is considered a low-
quality protein due to its unbalanced amino acid composition, with relative low leucine 
content. Nevertheless, collagen protein ingestion is often advocated as a complementary 
protein source to support muscle connective protein remodeling. We clearly show that 
collagen protein ingestion does not stimulate myofibrillar or muscle connective protein 
synthesis rates. The inability to increase muscle protein synthesis rates is likely explained 
by the low level of essential amino acids (10). In contrast to skeletal muscle tissue, tis-
sues such as tendons, ligaments, cartilage and bone are less abundant in essential amino 
acids. These tissues are collagen dense with up to 95% collagen content of dry weight. 
In collagen dense tissues the main amino acid building block is glycine (11). Hence, it 
would be of interest to assess the anabolic effects of collagen protein ingestion on the 
conditioning of more collagen dense tissues, like tendons, ligaments, cartilage and bone 
(11). Therefore, collagen protein ingestion, providing ample glycine for these collagen 
dense tissues, may proof to be of particular relevance to support repair and regrowth of 
collagen dense tissues following injury or during recovery from surgery. 

This work substantially contributes to the current knowledge on the anabolic properties 
of collagen protein and provides new directions for future research that should focus on 
the anabolic effects of collagen protein from a collagen dense tissue perspective. Three 
out of the five main chapters within this dissertation have already been published in open 
access scientific journals and are accessible to a wide (scientific) audience. Chapters 5 
and 6 are currently under review at different scientific journals. Furthermore, all data 
within this dissertation have been presented at national and international conferences 
such as the American College of Sports Medicine (ACSM) and the European College of 
Sports Sciences (ECSS) to audiences consisting of (scientific) professionals in the medical, 
sports sciences, and (sports) nutrition field. The relevance of the findings is supported by 
presentations that have been awarded with several Young Investigator Awards.

Target groups and societal relevance
Apart from the scientific impact, the findings within this dissertation can also be used 
to inform a broader audience. Current sports nutrition recommendation guidelines state 
that 20-25 g of high-quality protein should be ingested during recovery from exercise to 
optimize muscle protein synthesis rates (12). These recommendations are mainly based 
on studies evaluating the anabolic effect of protein ingestion on myofibrillar protein 
synthesis rates. My studies support these recommendations showing that whey protein 
ingestion increases myofibrillar protein synthesis rates. The work presented in this thesis 
extends the research to the muscle connective protein fraction. Whey as well as collagen 
protein ingestion on its own do not increase muscle connective protein synthesis rates. 
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In contrast, ingesting a whey and collagen protein blend increases myofibrillar as well 
as muscle connective protein synthesis rates. Hence, adding a small amount of collagen 
protein to high quality whey protein may prove to be beneficial to support overall muscle 
remodeling. However, the addition of collagen protein should not reduce whey protein 
intake to maintain a sufficient essential amino acid intake, particularly leucine. Further-
more, the optimal ratio of a whey and collagen protein blend may need to be further de-
fined as we tested only one ratio so far. Future sports nutrition guidelines could consider 
incorporating whey/collagen protein blends (with an optimal ratio) to further optimize 
musculoskeletal conditioning.

This dissertation investigated the effects of collagen protein ingestion in young healthy 
individuals. Expanding research to clinical populations could enhance recovery strategies 
for surgery, injury, and joint conditions like osteoarthritis. Collagen protein supplementa-
tion is already advised by clinicians to support recovery and rehabilitation after surgery or 
tendon/ligament injury (13). Furthermore, collagen protein supplementation is currently 
advised as a nutritional strategy to support patients with joint conditions like osteoarthri-
tis (14). Even though more randomized controlled trials are needed to show that collagen 
protein supplementation can be used as a nutritional strategy to support patients, this 
thesis clearly shows that collagen protein ingestion provides the main amino acid build-
ing blocks for endogenous collagen. Most studies that show benefits of collagen protein 
supplementation assessed those effects compared to a (iso-caloric) no-protein control. 
Therefore, effects might be associated with increases in daily protein intake and not colla-
gen protein ingestion per se. Future studies should include a (milk) protein-control when 
investigating potential anabolic effects of collagen protein ingestion. Furthermore, meta-
analyses in this field remain inconclusive (15, 16) and caution of publication and funding 
biases are frequently raised as point of concern within studies (17). Understanding and 
addressing publication and funding biases is crucial to ensure the integrity, reliability, 
and fairness of scientific research. To combat publication and funding biases, strategies 
like including mandatory trial registration, promoting open access and data sharing, en-
couraging journals to publish null or negative results, requiring transparent disclosure of 
funding sources, and increasing awareness of these biases among researchers, reviewers, 
and policymakers are warranted.

Some of the studies presented in this thesis (Chapters 3, 4 and 5) have received finan-
cial support by industry or have been performed within a public-private partnership, in 
which a collaboration is found between the Dutch government, academic and industry 
partners to perform pre-competitive research. Besides the financial support to perform 
independent scientific research studies, such partnerships enable translation of scientific 
discoveries into practical applications and products. Private (industry) partners gener-
ally have expertise in commercialization, manufacturing and distribution which is key 
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to bridge the gap between research findings and real-world implementation. Research 
studies funded by industry partners do not always have the best reputation (18). How-
ever, collaboration with industry plays a significant role in advancing human nutrition 
research. We, the research community, need to defend the reputation of research by 
publishing high-quality manuscripts, with unbiased results, statements, and conclusions, 
ultimately progressing the field of (sports) nutrition.

Translation into practice
Collagen can be considered a renewable resource, derived from animal by-products, 
contributing to a sustainable circular economy (19, 20). This repurposing process adds 
value to materials that might otherwise be wasted and can be significant in advancing a 
sustainable and circular economy. Collagen protein is widely used as a nutritional supple-
ment for a vast variety of applications including health, performance, and beauty. The 
market research and business consulting company Allied Market Research (Portland, Or-
egon, US) recently published a report titled, ‘Collagen Market by Source (Bovine, Marine, 
Chicken and Others), Type (Hydrolyzed collagen, Gelatin and Native Collagen), and Ap-
plication (Pharmaceutical, Cosmetics, Food & Beverages and Others): Global Opportunity 
Analysis and Industry Forecast, 2024-2033’ (21). This report estimated an annual growth 
rate of the collagen protein market by almost 10%, with a value of $5.9 billion in 2023 
going up to $14.4 billion by 2033 (21). A significant portion of the value attributed to col-
lagen comes from pharmaceuticals and cosmetics, rather than dietary collagen protein 
supplements alone. It is crucial to further investigate the potential effects of collagen 
protein supplementation to support evidence-based claims and protect consumers from 
financial and health risks.

Currently, vast amounts of information are readily accessible with minimal effort, with 
numerous articles, videos, and podcasts on nutrition being disseminated daily. While 
some of this content is produced by experts in the field, a significant portion originates 
from less reliable sources. For the general public, distinguishing between accurate and 
inaccurate information is often challenging. As scientists, it is increasingly important to 
ensure that our research and findings are both accessible and understandable to a broad 
audience. This involves not only publishing our work in open-access formats, but also 
effectively translating key findings into clear, general messages shared through widely 
accessible media platforms. For example, we achieve this by publishing 1-minute flash 
talks on social media platforms such as Instagram, Facebook, and X, where we explain 
the results of recently published studies in layman’s terms. This approach allows us to 
maintain oversight of how our findings are communicated and helps minimize the risk of 
misinterpretation or misuse. In addition to translating the findings for the general public, 
dissemination efforts have targeted professionals in the field. This included presentations 
at (inter)national conferences attended by scientists, nutritionists, and other experts in 
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exercise and nutrition research. Furthermore, the findings of this dissertation have been 
integrated into the educational curriculum at Maastricht University, enabling students 
to become evidence-based nutritionists, biomedical scientists, and other (bio)medical 
professionals.  
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bist mein größter Fan und würdest alles bejubeln was ich mache. Dieser Rückhalt tut gut. 
Dein Mut für Neues hat auch viele meiner Entscheidungen getragen. Papa, ohne deine 
Unterstützung, nachdem ich ausgezogen bin, wäre mein Studium wahrscheinlich nicht 
so erfolgreich gewesen. Vernünftig zu Planen und organisiert zu bleiben habe ich von dir, 
eine Eigenschaft die mir für diese Arbeit sehr hilfreich war. 

Conni, wie viel mir deine Unterstützung in den letzten 15 Jahren bedeutet, lässt sich 
eigentlich kaum in Worte fassen. Ohne dich wäre ich wahrscheinlich nicht der Mensch 
geworden, der ich heute bin. Du hast mir, da bin ich mir sicher, ein gutes Stück Empathie 
beigebracht. Und das hat mir nicht nur persönlich geholfen, sondern auch beruflich, be-
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sonders im Umgang mit all den Probanden. Du hast mitgetragen, dass ich fürs Studium 
ins Ausland gegangen bin und gleichzeitig war es schön zu sehen, wie gut du die Zeit 
mit Evy genutzt hast. Und als ob das nicht schon genug gewesen wäre, hab ich mich 
dann auch noch entschieden, für die Promotion dortzubleiben. Danke, dass du all das 
mitgemacht hast. Danke, dass ich so oft in Maastricht übernachten durfte, ohne dass du 
jemals ein Drama daraus gemacht hast. Aber wie ich schon auf unserer Hochzeit gesagt 
habe: All my life I will be driving home to you. Und wie ganz am Anfang, beim Umzug 
nach Köln, versprochen, sind wir wieder zurück in der Heimat.

Maxi, vielleicht liest du diesen Text irgendwann einmal. Und wenn du so weitermachst 
wie bisher, dann wahrscheinlich schon fließend – noch bevor du überhaupt in den 
Kindergarten kommst. Es ist so schön, dich aufwachsen zu sehen. Jeden Tag staune ich 
über all die kleinen und großen Dinge, die du lernst. Ehrlich gesagt: Mit einem Baby zu 
promovieren war wahrscheinlich die anstrengendste Zeit überhaupt – vor allem wegen 
des Schlafmangels. Wenn man’s nüchtern betrachtet, bist du auch der Grund, warum ich 
überhaupt angefangen habe, Kaffee zu trinken. Aber weißt du was? Ich würde es jederzeit 
wieder genauso machen. Ein Kind wie dich zu haben, erfüllt mich mit unendlich viel Stolz 
– und vor allem mit Freude, rund um die Uhr. Ich bin schon jetzt so gespannt, welchen 
Weg du später einmal gehen wirst. Und egal, wofür du dich entscheidest: Du kannst dir 
sicher sein, dass ich – und auch deine Mama – immer an deiner Seite stehen werden. 
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