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Aging
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Aging: loss of muscle mass
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Exercise and protein synthesis
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Protein synthesis and signaling 

p70-S6 Kinase1

Koopman, et al. Am J Physiol Endocrinol Metab 290: E1245-E1252, 2006



Exercise, FSR and signaling 
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Exercise in the elderly & MPS 

Hasten et al. Am J Physiol Endocrinol Metab 278: E620-626., 2000.



Resistance exercise and muscle 
mass 

Verdijk, Koopman & van Loon, unpublished observations



ll insulininsulin
((FryburgFryburg et al, 1995; et al, 1995; GelfandGelfand et al, 1987; Hillier et al, 1998; et al, 1987; Hillier et al, 1998; 
BioloBiolo et al, 1999; et al, 1999; BorsheimBorsheim et al 2004; et al 2004; KoopmanKoopman et al, 2005)et al, 2005)

net protein balance net protein balance 

ll amino acids amino acids 
((BioloBiolo et al, 1997; Rasmussen et al, 2000; et al, 1997; Rasmussen et al, 2000; BorsheimBorsheim et al, 2002; Tipton et et al, 2002; Tipton et 
al, 1999, 2001, 2003, 2004; Miller et al, 2003; al, 1999, 2001, 2003, 2004; Miller et al, 2003; KoopmanKoopman et al, 2004 et al, 2004 
2005)2005)

Nutrition and Protein Synthesis



Building blocks for protein

Strong stimulators of hormone secretion

Signaling molecules

CHO
CHO+PRO

CHO+PRO+leu
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Nutrition and Protein Synthesis
and glucose



Post-exercise nutrition: 
carbohydrate
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Post-exercise nutrition: protein

0.3 g CHO kg-1 h-1

Breakdown   synthesis   net-balance

0.2 g PRO kg-1 h-1µm
ol

 p
he

ny
la

la
ni

ne
. kg

-1
. h-1

0.0

0.2

0.4

0.6

0.8

1.0

Koopman, et al. Am J Physiol Endocrinol Metab 288: E645-653, 2005.



Protein/AA intake increases MPS
1. M. Beelen, Koopman R, and van Loon LJ.. Am J Physiol Endocrinol Metab 295: E70-77, 2008.
2. Bell JA, Fujita S, Volpi E,.. Am J Physiol Endocrinol Metab 289: E999-1006, 2005.
3. Biolo G, Declan Fleming RY, and Wolfe RR. J Clin Invest 95: 811-819., 1995.
4. Biolo G, Tipton KD, Klein S, and Wolfe RR. Am J Physiol 273: E122-129, 1997.
5. Bohe J, Low A, Wolfe RR, and Rennie MJ. J Physiol 552: 315-324, 2003.
6. Bohe J, Low JF, Wolfe RR, and Rennie MJ. J Physiol 532: 575-579., 2001.
7. Borsheim E, Cree MG, Tipton KD, A, and Wolfe RR. J Appl Physiol 96: 674-678, 2004.
8. Borsheim E, Tipton KD,, and Wolfe RR. Am J Physiol Endocrinol Metab 283: E648-657, 2002.
9. Cuthbertson D, Atherton P, Wackerhage H, and Rennie MJ. Faseb J 19: 422-424, 2005.
10. Dreyer HC, Volpi E, and Rasmussen BB. Am J Physiol Endocrinol Metab 294: E392-400, 2008.
11. Drummond MJ, Bell JA,  Dreyer HC,  Volpi E, and Rasmussen BB. Clin Nutr, 2008.
12. Drummond MJ, Dreyer HC,, and Rasmussen BB. J Appl Physiol, 2008.
13. Fujita S, Dreyer HC, Drummond MJ, Volpi E, and Rasmussen BB. J Physiol 582: 813-823, 2007.
14. Hartman JW, Tang JE, Wilkinson SB, and Phillips SM. Am J Clin Nutr 86: 373-381, 2007.
15. Katsanos CS, Kobayashi H, and Wolfe RR. Am J Physiol Endocrinol Metab 291: E381-387, 2006.
16. Katsanos CS, Kobayashi H, and Wolfe RR. Am J Clin Nutr 82: 1065-1073, 2005.
17. Koopman R, Beelen M,, and van Loon LJ. Am J Physiol Endocrinol Metab 293: E833-842, 2007.
18. Koopman R, van Loon LJC, and Wagenmakers AJM. Am J Physiol Endocrinol Metab 287: E712-720, 2004.
19. Koopman R, Pennings B, and van Loon LJ. J Nutr 137: 1836-1842, 2007.
20. Koopman R, Verdijk LB, and van Loon LJ. Br J Nutr 99: 571-580, 2008.
21. Koopman R, Verdijk LB, and van Loon LJC. Am J Clin Nutr 84: 623-632, 2006.
22. Koopman R, and van Loon LJ. Am J Physiol Endocrinol Metab 288: E645-653, 2005.
23. Paddon-Jones D, and Wolfe RR. Exp Gerontol 41: 215-219, 2006.
24. Paddon-Jones D, Ferrando AA, and Wolfe RR. Am J Physiol Endocrinol Metab 286: E321-328, 2004.
25. Paddon-Jones D, Ferrando AA, and Wolfe RR. Am J Physiol Endocrinol Metab 286: E321-328, 2004.
26. Rasmussen BB, Wolfe RR, and Volpi E. J Nutr Health Aging 6: 358-362, 2002.
27. Tang JE, Moore DR, and Phillips SM. Appl Physiol Nutr Metab 32: 1132-1138, 2007.
28. Tang JE, Wilkinson SB, and Phillips SM. Am J Physiol Regul Integr Comp Physiol 294: R172-178, 2008.
29. Tipton KD, and Wolfe RR. Am J Physiol Endocrinol Metab 284: E76-89, 2003.
30. Tipton KD, Sanford AP, and Wolfe RR. Am J Physiol Endocrinol Metab 292: E71-76, 2007.
31. Tipton KD, Elliott TA, Cree MG, Wolf SE, Sanford AP, and Wolfe RR. Med Sci Sports Exerc 36: 2073-2081, 2004.
32. Tipton KD, Ferrando AA, Phillips SM, Doyle D, Jr., and Wolfe RR. Am J Physiol 276: E628-634, 1999.
33. Tipton KD, Rasmussen BB, and Wolfe RR. Am J Physiol Endocrinol Metab 281: E197-206., 2001.
34. Volpi E,, and Wolfe RR. J Clin Invest 101: 2000-2007, 1998.
35. Volpi E, Kobayashi H,  and Wolfe RR. Am J Clin Nutr 78: 250-258, 2003.
36. Volpi E,, and Wolfe RR. J Clin Endocrinol Metab 85: 4481-4490, 2000.
37. Volpi E, Mittendorfer B, Wolf SE, and Wolfe RR. Am J Physiol 277: E513-520, 1999.
38. Wilkinson SB, Phillips SM, and Rennie MJ. J Physiol, 2008.
39. Wilkinson SB,, and Phillips SM. Am J Clin Nutr 85: 1031-1040, 2007. 
40. Witard OC, Tipton KD, Van Loon LJ, and Koopman R. Med Sci Sports Exerc January,2009

1. M. Beelen, Koopman R, and van Loon LJ.. Am J Physiol Endocrinol Metab 295: E70-77, 2008.
2. Bell JA, Fujita S, Volpi E,.. Am J Physiol Endocrinol Metab 289: E999-1006, 2005.
3. Biolo G, Declan Fleming RY, and Wolfe RR. J Clin Invest 95: 811-819., 1995.
4. Biolo G, Tipton KD, Klein S, and Wolfe RR. Am J Physiol 273: E122-129, 1997.
5. Bohe J, Low A, Wolfe RR, and Rennie MJ. J Physiol 552: 315-324, 2003.
6. Bohe J, Low JF, Wolfe RR, and Rennie MJ. J Physiol 532: 575-579., 2001.
7. Borsheim E, Cree MG, Tipton KD, A, and Wolfe RR. J Appl Physiol 96: 674-678, 2004.
8. Borsheim E, Tipton KD,, and Wolfe RR. Am J Physiol Endocrinol Metab 283: E648-657, 2002.
9. Cuthbertson D, Atherton P, Wackerhage H, and Rennie MJ. Faseb J 19: 422-424, 2005.
10. Dreyer HC, Volpi E, and Rasmussen BB. Am J Physiol Endocrinol Metab 294: E392-400, 2008.
11. Drummond MJ, Bell JA,  Dreyer HC,  Volpi E, and Rasmussen BB. Clin Nutr, 2008.
12. Drummond MJ, Dreyer HC,, and Rasmussen BB. J Appl Physiol, 2008.
13. Fujita S, Dreyer HC, Drummond MJ, Volpi E, and Rasmussen BB. J Physiol 582: 813-823, 2007.
14. Hartman JW, Tang JE, Wilkinson SB, and Phillips SM. Am J Clin Nutr 86: 373-381, 2007.
15. Katsanos CS, Kobayashi H, and Wolfe RR. Am J Physiol Endocrinol Metab 291: E381-387, 2006.
16. Katsanos CS, Kobayashi H, and Wolfe RR. Am J Clin Nutr 82: 1065-1073, 2005.
17. Koopman R, Beelen M,, and van Loon LJ. Am J Physiol Endocrinol Metab 293: E833-842, 2007.
18. Koopman R, van Loon LJC, and Wagenmakers AJM. Am J Physiol Endocrinol Metab 287: E712-720, 2004.
19. Koopman R, Pennings B, and van Loon LJ. J Nutr 137: 1836-1842, 2007.
20. Koopman R, Verdijk LB, and van Loon LJ. Br J Nutr 99: 571-580, 2008.
21. Koopman R, Verdijk LB, and van Loon LJC. Am J Clin Nutr 84: 623-632, 2006.
22. Koopman R, and van Loon LJ. Am J Physiol Endocrinol Metab 288: E645-653, 2005.
23. Paddon-Jones D, and Wolfe RR. Exp Gerontol 41: 215-219, 2006.
24. Paddon-Jones D, Ferrando AA, and Wolfe RR. Am J Physiol Endocrinol Metab 286: E321-328, 2004.
25. Paddon-Jones D, Ferrando AA, and Wolfe RR. Am J Physiol Endocrinol Metab 286: E321-328, 2004.
26. Rasmussen BB, Wolfe RR, and Volpi E. J Nutr Health Aging 6: 358-362, 2002.
27. Tang JE, Moore DR, and Phillips SM. Appl Physiol Nutr Metab 32: 1132-1138, 2007.
28. Tang JE, Wilkinson SB, and Phillips SM. Am J Physiol Regul Integr Comp Physiol 294: R172-178, 2008.
29. Tipton KD, and Wolfe RR. Am J Physiol Endocrinol Metab 284: E76-89, 2003.
30. Tipton KD, Sanford AP, and Wolfe RR. Am J Physiol Endocrinol Metab 292: E71-76, 2007.
31. Tipton KD, Elliott TA, Cree MG, Wolf SE, Sanford AP, and Wolfe RR. Med Sci Sports Exerc 36: 2073-2081, 2004.
32. Tipton KD, Ferrando AA, Phillips SM, Doyle D, Jr., and Wolfe RR. Am J Physiol 276: E628-634, 1999.
33. Tipton KD, Rasmussen BB, and Wolfe RR. Am J Physiol Endocrinol Metab 281: E197-206., 2001.
34. Volpi E,, and Wolfe RR. J Clin Invest 101: 2000-2007, 1998.
35. Volpi E, Kobayashi H,  and Wolfe RR. Am J Clin Nutr 78: 250-258, 2003.
36. Volpi E,, and Wolfe RR. J Clin Endocrinol Metab 85: 4481-4490, 2000.
37. Volpi E, Mittendorfer B, Wolf SE, and Wolfe RR. Am J Physiol 277: E513-520, 1999.
38. Wilkinson SB, Phillips SM, and Rennie MJ. J Physiol, 2008.
39. Wilkinson SB,, and Phillips SM. Am J Clin Nutr 85: 1031-1040, 2007. 
40. Witard OC, Tipton KD, Van Loon LJ, and Koopman R. Med Sci Sports Exerc January,2009



Anabolic properties of leucine

LeucineLeucine stimulates muscle protein synthesis and stimulates muscle protein synthesis and 
inhibits proteolysisinhibits proteolysis

BuseBuse and Reid, 1975and Reid, 1975

LeucineLeucine administration inhibits protein breakdownadministration inhibits protein breakdown

CombaretCombaret et al., 2005et al., 2005

LeucineLeucine administration stimulates protein administration stimulates protein 
synthesissynthesis

Anthony et al., 1999, 2000, 2002Anthony et al., 1999, 2000, 2002
DardevetDardevet et al., 2000, 2002et al., 2000, 2002
RieuRieu et al., 2003et al., 2003
GuilletGuillet et al., 2004et al., 2004
CrozierCrozier et al., 2005et al., 2005
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Post-exercise nutrition: protein
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Effect on Skeletal Muscle



Breakdown Synthesis oxidation net-balance
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Carbohydrate content



Anabolic response to the intake of food seems to be reduced in the elderly

Impaired glucose tolerance / insulin sensitivity
Impaired amino acid sensitivity 
Increased AA utilization in splanchnic area

young elderly
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Nutrition in the Elderly
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Nutritional Interventions

ò Increasing the amount of protein
èPulse feeding

ò Fast versus Slow digestible proteins

ò Leucine supplementation

ò Increasing the amount of protein
èPulse feeding

ò Fast versus Slow digestible proteins

ò Leucine supplementation
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Pulse feeding: whole-body effects



CAS, 34 g
WP, iN, 34 g

Dangin, et al. J Physiol 549: 635-644, 2003.

Slow vs Fast: whole-body effects



“Fast” protein 
compared to casein 

High leucine content (>10%)
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Potential of Whey Protein



young elderly
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Post-exercise: protein + Leucine
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Surplus value of leucine



Considerations

òAmount of protein/leucine

òTiming of food intake

òAmount of protein/leucine

òTiming of food intake

*

*

Katsanos et al. Am J Physiol 291:E381-387, 2006



Summary / Conclusions

òPotential Interventions to attenuate the loss of 
muscle mass associated with aging:
è(Resistance) exercise
èProtein supplementation

òExercise and Protein intake acutely increases 
muscle protein synthesis in young and elderly 
humans

òWhey protein could be beneficial because of its 
fast digestion and absorption and high leucine
content

òPotential Interventions to attenuate the loss of 
muscle mass associated with aging:
è(Resistance) exercise
èProtein supplementation

òExercise and Protein intake acutely increases 
muscle protein synthesis in young and elderly 
humans

òWhey protein could be beneficial because of its 
fast digestion and absorption and high leucine
content
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