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Abstract
Sarcopenia may be defined as an age- 
related loss of lean body mass (LBM) 
unrelated to disease. It is a long-term 
process that becomes evident later in 
life, it has a complex and multifactorial 
etiology, and it increases the risks for 
morbidity and mortality. Dietary factors 
play a role in minimizing this age-related 
loss of LBM. Specifically, increased intake  
of protein and vitamin D has shown benefits.  
Other nutrients that appear to be import-
ant are those related to acid/base balance 
and inflammation. Most of the research into sarcopenia has 
been done in humans and rodent models, but some aspects 
have been confirmed in dogs or cats. More research is needed 
to determine optimum nutrient levels to reduce or prevent 
sarcopenia in aging dogs and cats.  

Muscle and lean body mass (LBM) are determined by 
the balance between the rates of de novo protein synthesis 
and protein degradation. During growth, protein synthesis 
exceeds degradation and muscle mass increases, while in  
mature subjects protein synthesis and degradation are 
roughly equal so that muscle mass remains constant. With 
age this balance is lost and LBM decreases, leading to sarco-
penia, which may be defined as an age-related loss of LBM 
unrelated to disease. 

Sarcopenia is a lifelong process that becomes evident later 
in life, and it has a complex and multifactorial etiology.1 In  
most cases, the loss of LBM is offset by an increase in fat mass, 
resulting in little or no change in body weight. The age- 
related loss of LBM occurs in all species evaluated to date, 
including humans, dogs and cats.2-7 

In cachexia, a 15% reduction in LBM interferes with organic 
and physiological functions, while a decrease beyond 30% 
is usually fatal.8 Although there is no agreed upon cutoff to 
define sarcopenia, one study identified sarcopenia as a 3% 
loss in muscle mass or a 40% loss of grip strength over a 
three-year timeframe.9  

Functional measures of muscle strength are not conducted  
in dogs or cats, but significant loss of LBM has been demon-
strated in aging dogs and cats. A cross-sectional study of  

256 cats showed that apparently healthy 
cats lose approximately one-third of their 
LBM between about 10 and 15 years of 
age.3 This was confirmed in a longitudinal 
study following mature and geriatric cats  
over an eight-year period, wherein mean 
LBM decreased by 34%.4 In aging dogs, 
there was approximately a 10% loss in 
LBM and corresponding increase in fat 
mass.6,10 These effects appeared to be 
more pronounced in dogs beginning at 
age 8 to 9 years. Lifelong limited feeding  
or increased dietary protein intake reduced 

or delayed this age-related loss of LBM.6,10 Another longitu-
dinal study in Labrador Retrievers confirmed loss of LBM 
with age and identified that the longest-lived dogs in the 
study experienced the slowest loss of LBM.7 Similar results 
were observed in cats.4 As with humans, loss of LBM in 
dogs and cats is associated with increased mortality.4,7,10  

Etiology of Sarcopenia
The etiology of sarcopenia is multifactorial and complex. 

Elderly people, especially those who are sarcopenic, have 
a blunted anabolic response to nutritional stimuli, such as 
amino acids and insulin.11 Some of the factors involved in 
sarcopenia include altered protein turnover with decreased 
muscle protein synthesis, due in part to decreased func-
tionality of the mTOR pathway, and a relative increase in 
protein catabolism; chronic low-grade inflammation with 
increased cytokines such as TNF and IL-6; mitochondrial 
dysfunction; increased oxidative stress; insulin resistance; 
and altered neuromuscular junction structure and function.11-13 
Regardless of the mechanisms, the result is a decrease 
in endogenous protein synthesis, possibly coupled with 
increased protein catabolism, leading to decreased muscle 
mass and strength. 

Although exercise is the most efficient therapy for manag-
ing sarcopenia, it is recognized that nutrition also plays a 
role in the development and management of this condition. 
Specifically, adequate dietary protein, specific amino acids 
and vitamin D have been shown to play a role. Protein 
supplementation coupled with exercise achieves the best 
results in sarcopenic people.14 Other dietary factors that 
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may be important include nutrients impacting metabolism, 
inflammatory mediators and acid/base balance.

Role of Diet in Sarcopenia
Protein:

Insufficient protein intake can contribute to loss of LBM. 
Multiple studies have confirmed lower protein intakes were 
associated with increased risk for sarcopenia in elderly 
people.15-18 Likewise, in dogs and cats, lower protein intake 
was associated with greater loss of LBM.6,19-21 Dietary protein  
supports both endogenous protein turnover and gluconeo-
genesis. When dietary protein intake is inadequate, mammals 
will gradually deplete proteins from their LBM, particularly 
skeletal muscle, to support these metabolic functions.15,21  

Aging impacts the physiological response to protein intake. 
Muscle protein synthesis in response to protein intake is  
attenuated in older people compared to younger people.12,13 
Increasing the amount of protein consumed may help to  
overcome this anabolic resistance. For example, muscle- 
protein synthesis was stimulated in young adults with <10g 
of whey protein, but older men required >20g whey protein  
to achieve similar protein synthesis.22 It appears that the  
recommended daily allowance (RDA) (0.8g/kg bodyweight),  
which was established using data from young adult men, 
is not adequate to maintain nitrogen balance nor preserve 
muscle mass in elderly people.12 Although not universally 
accepted, there is a growing consensus that older people 
should consume more protein. Daily intake of at least 1.0  
to 1.2g/kg body weight is recommended, an increase of 
50% over the RDA.17,23-25

The amount of protein that is “adequate” for dogs and cats 
also remains controversial. Traditionally, nitrogen balance 
studies were used to determine minimum protein require-
ments. However, nitrogen balance studies do not account 
for maintenance of muscle mass, and multiple studies have 
indicated that the amount of protein required to maintain 
LBM or protein turnover far exceeds that needed to maintain 
nitrogen balance.15,21,26-30 For example, cats need only about 
1.5g protein/kg body weight to maintain nitrogen (protein) 
balance but need over 5g protein/kg body weight to maintain  
LBM.21 Dogs required about three times more protein to maintain  
protein/DNA ratios (an indicator of protein reserves) compared 
to that needed to maintain nitrogen balance, and old dogs 
needed 50% more protein than young dogs regardless of the 
measure used.27 As in humans, greater protein intake helps 
reduce the age-related loss of LBM in dogs and cats.6,16,20 

Specific types of protein and amino acids also can impact 
LBM. “Fast” proteins, such as whey, contribute to greater 
endogenous protein synthesis compared to “slow” proteins, 
such as casein. Whey, a soluble protein, is rapidly digested 
and absorbed. Casein protein clots in the stomach, delaying 
gastric emptying and slowing uptake of the amino acids.31 
The greatest anabolic effect of protein appears dependent 
on reaching a threshold concentration. Rapidly absorbed 

proteins achieve this threshold, while slower absorption of  
the same amino acids fails to achieve the threshold, resulting  
in less protein synthesis.31 In healthy young adults, post-
prandial protein synthesis was increased 68% by whey but 
only 31% by casein. Although casein protein reduced pro-
tein catabolism to a greater extent compared to whey, net 
protein balance was more positive for the whey protein.31 
Similar findings were observed in old rats, in elderly men 
and following exercise.32,33 

Whey protein is rich in branched-chain amino acids includ-
ing leucine, which is recognized to have important regulatory  
actions on protein turnover. Among other functions, leucine 
reduces proteolysis and enhances protein synthesis.13,34 
Whey protein also triggers insulin release, which promotes 
protein synthesis.22,34 When the effect of whole whey protein 
was compared to an infusion equivalent to its essential 
amino-acid content, the intact whey protein resulted in 
greater muscle protein accrual.35 

Based on the numerous studies showing beneficial effects 
from either leucine or whey protein on muscle protein syn-
thesis, studies in sarcopenic humans have been conducted 
using leucine-enriched whey protein (along with vitamin D)  
supplements.36,37 In the first of these multicenter trials, elderly  
sarcopenic subjects received a supplement containing 20g 
whey protein (including 3g leucine), 800IU vitamin D and 
a mixture of vitamins, minerals and fiber twice daily, or they  
received an isocaloric placebo containing carbohydrates, 
fat and some trace elements. The baseline protein intake 
in both groups averaged 1.0g protein/kg body weight daily. 
Over the 13-week study, the treated group showed signifi-
cantly greater improvement in the chair-stand test, indicating  
greater strength and balance, and also in muscle mass.36 

Another study evaluated subjects given a once daily supple-
ment containing 22g whey protein, 9g essential amino acids, and  
100IU vitamin D compared to those receiving a placebo, while 
both groups underwent a similar exercise program for 12 
weeks.37 The treated group showed significant improvements 
in muscle mass and muscle strength. In addition, the treated 
group showed reduced body fat, improved fat distribution, 
increased insulin-like growth factor, and reduced C-reactive 
protein, an inflammatory mediator.37 

The amino acid lysine also may impact LBM. Studies in  
swine and rats show that lysine deficiency leads to increased 
protein degradation and decreased protein synthesis in 
muscle, whereas supplementation with lysine decreased 
muscle protein degradation.38,39  

Since lysine is limited (low relative to requirements) in many 
vegetable-source proteins, supplementation may be most 
important for vegetarians or for those whose diets are based  
on vegetable-source proteins. A study in young adult dogs 
fed diets containing mixtures of corn gluten or poultry as the 
protein sources evaluated changes in LBM and body fat, and 
changes in the 20S proteasome of the ubiquitin proteasome 
pathway involved in protein catabolism.19 While most dogs 
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lost LBM, those with the highest lysine intake gained LBM.  
In dogs fed 12% protein diets, there appeared to be an 
inverse linear correlation between lysine intake and LBM 
loss. Further, the 20S proteasome was decreased in dogs 
fed the high-lysine diet, suggesting a reduction in protein 
catabolism via this mechanism. This is consistent with 
pigs, where lysine-deficient diets trigger upregulation of 
this catabolic pathway.39 

Similarly, in aging cats, lysine appears to protect LBM. One 
published study in aging cats evaluated the impact of diets 
containing protein ranging from 6.87 to 10.22g/100Kcal, 
and lysine (lysine:calorie ratio) ranging from 2.71 to 6.30 
on changes in LBM. Although there were limitations to the 
study, it showed that increasing dietary lysine, independent 
of total protein, helped reduce loss of LBM in aging cats.40

Vitamin D:
Multiple epidemiological studies have identified an asso-

ciation between low serum vitamin D concentrations and 
an increased prevalence of sarcopenia in aging people.9,14,41 
Coupled with low vitamin D were increased concentrations 
of parathyroid hormone (PTH), which also has been associ-
ated with loss of muscle mass and strength.9

Vitamin D metabolites can influence muscle cell metabolism 
by mediating gene transcription as well as by other mech-
anisms.9 Vitamin D affects the transcription rate of thousands 
of genes, including insulin receptors.42 Activation of insulin 
receptors contributes to increased muscle protein synthesis, 
and supplemental vitamin D results in increased vitamin D  
receptors within muscle.14,43 In aged rats, vitamin D deficiency  
reduced the rate of protein synthesis by 40% compared to  
vitamin-D replete rats.42 In both rodents and humans, 
vitamin D deficiency induced greater body fat and intra-
muscular lipids, a finding linked with compromised neuro-
muscular function.14 Intramuscular fat also may contribute 
to reduced protein synthesis via activation of eukaryotic 
initiation factor 2alpha (elF2α).42 Activated elF2α inhibits  
initiation of protein translation and the rate of protein 
synthesis. Whether this specific mechanism applies to 
humans, dogs or cats remains to be determined.

Low serum vitamin D may impact muscle function via 
PTH, which can be increased due to lack of inhibition from 
vitamin D. PTH increases intracellular calcium concentra-
tions, which may disrupt muscle structure or function. PTH 
also may stimulate release of inflammatory mediators such 
as IL-6. Elevated IL-6 in aging humans is associated with 
lower muscle mass and strength.9 Independent of PTH, 
studies have shown an inverse association between serum 
vitamin D and IL-6 and between intramuscular vitamin D 
receptor density and intramuscular IL-6 in aging humans.14 

Studies in humans evaluating vitamin D supplementation 
have generally yielded beneficial results with improvements  
in muscle strength as well as muscle mass.14,37 These effects 
were primarily observed in individuals with initially low 

serum vitamin D concentrations, which is common in sar-
copenia. Provision of vitamin D along with supplemental 
protein may yield the best results, but additional research is 
needed.14,36,37 Currently, data on vitamin D supplementation 
to preserve LBM in dogs or cats is lacking.

Acid/Base Balance:
Acidosis is associated with increased protein catabolism, 

negative nitrogen balance and muscle protein wasting. 
It appears to promote muscle protein catabolism via the 
ubiquitin proteasome pathway and to inhibit protein 
synthesis via promotion of insulin resistance.44-46 Insulin 
normally promotes protein synthesis, but this effect is 
hindered in insulin resistance. Metabolic acidosis induces 
insulin resistance and interferes with insulin-signaling 
pathways, leading to reduced phosphatidylinositol 3-kinase 
(PI3K) activity and increased protein degradation.46  

The role of acidosis in LBM wasting is best recognized in  
patients with chronic kidney disease (CKD), but the same or 
similar mechanisms may play a role in other conditions,  
including sarcopenia.47,48 Correction of acidosis in subjects 
with CKD eliminated the muscle-protein degradation and 
improved muscle mass.47 

Animal proteins and cereal grains are metabolized to 
acidic residues, whereas fruits and vegetables are metabo-
lized to alkaline residues, such as potassium bicarbonate. 
In non-CKD aging men and women, studies have estab-
lished an association between greater intake of alkaline 
foods and greater LBM.48,49 A small, short-term study in 
elderly women showed that adding potassium bicarbonate 
to a high-protein diet significantly reduced nitrogen excretion 
compared to those fed the high-protein diet alone.49 A larger 
study confirmed the benefit of reducing dietary acid load 
on preservation of LBM in older women, but not in men.48 

Even mild metabolic acidosis may contribute to a loss of 
LBM and sarcopenia.48,50 In a study of men with CKD, in 
which arterial pH was adjusted by oral intake of sodium  
citrate/citric acid and ammonium chloride, alterations of 
pH within the normal range (7.37 to 7.44) induced significant 
differences in nitrogen balance.50

While serum bicarbonate may be monitored in pets, eval-
uation of blood pH or blood gases to quantify acid/base 
balance is rarely done, especially in healthy aging pets. 
Future research should evaluate the importance of acid/
base or dietary anion gap on LBM in aging dogs and cats.

Omega-3 Fatty Acids:
Increased markers of inflammation are common in sarco-

penic humans and associated with subsequent decline in 
muscle strength and mobility.14 Inflammation may interfere 
with the mTOR signaling pathway, critical for normal 
protein synthesis.11 Although not specific to sarcopenia, 
studies in humans have shown that consumption of fish 
oil, a source of the long-chain omega-3 fatty acids eicos-
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apenaenoic acid (EPA) and docosahexaenoic acid (DHA), 
results in reduction of the inflammatory mediators C-reac-
tive protein, IL-6 and tumor necrosis factor-alpha.51 

Independent of circulating markers of inflammation, EPA 
and DHA supplementation may influence the mTOR signaling 
pathway to overcome age-related anabolic resistance to protein 
synthesis.14 Using a hyperaminoacidemia-hyperinsulinemia 
clamp to study muscle-protein synthesis in healthy older  
humans, mTOR activation and protein synthesis were enhanced 
in those given fish oil over those given corn oil.11 Observa-
tional studies showed correlations between habitual fish oil 
intake and greater LBM. Some, but not all, interventional  
studies have shown improvements in strength and muscle  
mass in aging humans.14 Although fish oil can reduce inflam-
matory mediators in dogs and cats, there is no published 
data evaluating the impact of fish oil on muscle mass or 
function in these species. 

Antioxidants:
Multiple epidemiological studies have shown associations  

between increased serum antioxidants or decreased markers  
of oxidative stress and reduced risk for sarcopenia.14 However, 
the few interventional studies that have been conducted have  
not found benefits. On the contrary, one study actually showed 
a detriment from supplementing vitamins E and C, with a 
reduced response to exercise on muscle mass.14 

Other Nutrients:
Reduced calorie intake or reduced digestion and metabolic 

efficiency can contribute to loss of weight and LBM. Although 
energy requirements decrease with age in most species, in  
cats this appears to be true only up to about 10 to 12 years of  
age.3  With advancing age, geriatric feline energy requirements  
actually increase despite a decrease in body size. This effect 
appears to accelerate after approximately 13 years of age. The  
increased energy requirement in aging cats may be due, 
in part, to reduced digestive function.3 Older cats had an 
average reduction in energy digestion of about 8% and in 
protein digestion of about 6%.52 In other studies, 33% of 
healthy geriatric cats had a reduced ability to digest fat, 
and 20% had a reduced ability to digest protein.3 

Concurrent with the reduced fat digestion, there is reduced 
absorption of numerous minerals and vitamins, including  
vitamin B12,53 potentially contributing to metabolic inefficien-
cies. Recent epidemiological evidence in humans suggests 
a possible role of minerals and trace nutrients in sarcope-
nia. Specifically, magnesium, phosphorus, selenium, and 
vitamin B12 intakes were lower in the sarcopenic subjects 
compared to age-matched adults without sarcopenia. Serum 
B12 was 15% lower in the sarcopenic group compared with 
controls.18,54 Given that B vitamins serve as cofactors in  
energy and protein metabolism, avoidance of deficiencies 
may be important in preserving LBM.

Conclusions
Rapidly accumulating evidence in humans and other species 
suggests links between dietary nutrients and preservation of 
LBM in aging subjects. The data suggest that protein intake 
should increase with aging. For aging humans, it should 
exceed the RDA by at least 50%. Older dogs and cats also 
should receive more protein compared to standard recom-
mendations. Although dietary protein has proven to play a 
role in the loss of LBM that occurs in aging dogs and cats, 
most other nutrients have not yet been evaluated for their 
role in sarcopenia in pets. As loss of LBM is common in 
both dogs and cats, future research should focus on some 
of these nutrients that have been studied in other species. 

References
1. Evans WJ. Skeletal Muscle Loss: Cachexia, Sarcopenia 
and Inactivity. Am J Clin Nutr. 2010;91:1123S-1127S.

2. Harper EJ. Changing Perspectives on Aging and Energy 
Requirements: Aging, Body Weight and Body Composition 
in Humans, Dogs and Cats. J Nutr. 1998;128:2627S-2631S.

3. Perez-Camargo G. Cat Nutrition: What Is New in the Old? 
Compendium. 2004;26(2A):5-10.

4. Cupp CJ, Kerr WW. Effect of Diet and Body Composition 
on Life Span in Aging Cats. Proc Companion Anim Nutr 
Summit. Focus on Gerontology. Nestlé Purina PetCare. 
Clearwater Beach, FL. 2010;36-42. 

5. Wolfe RR. Sarcopenia of Aging: Implications of the Age- 
Related Loss of Lean Body Mass. Proc Companion Anim 
Nutr Summit. Focus on Gerontology. Nestlé Purina PetCare. 
Clearwater Beach, FL. 2010;12-17.

6. Kealy RD. Factors Influencing Lean Body Mass in Aging 
Dogs. Comp Cont Edu Small Anim Pract. 1999;2(11K):34-37.

7. Adams VJ, Watson P, Carmichael S, et al. Exceptional 
Longevity and Potential Determinants of Successful Aging in  
a Cohort of 39 Labrador Retrievers: Results of a Prospective  
Longitudinal Study. Acta Vet Scand. 2016;58:29. doi.10.1186/ 
s13028-016-0206-7.

8. Sergi G, Bonometto P, Coin A, Enzi G. Body Composition: 
Physiology, Pathophysiology and Methods of Evaluation. In:  
Cachexia and Wasting: A Modern Approach. Mantovani G (ed). 
Italy: Springer-Verlag Italia. 2006:175-183.

9. Visser M, Deeg DJH, Lips P. Low Vitamin D and High Para-
thyroid Hormone Levels as Determinants of Loss of Muscle  
Strength and Muscle Mass (Sarcopenia): The Longitudinal  
Aging Study Amsterdam. J Clin Endocrinol Metab. 2003;88: 
5766-5772.



COMPANION ANIMAL NUTRITION SUMMIT  |  MAY 3-5, 2018  |  CHARLESTON, SOUTH CAROLINA          45

10. Lawler DF, Larson BT, Ballam JM, et al. Diet Restriction  
and Ageing in the Dog: Major Observations Over Two Decades. 
Brit J Nutr. 2008;99:793-805.

11. Smith GI, Atherton P, Reeds DN, et al. Dietary Omega-3 
Fatty Acid Supplementation Increases the Rate of Muscle 
Protein Synthesis in Older Adults: A Randomized Controlled  
Trial. Am J Clin Nutr. 2011;93:402-412.

12. Murton AJ. Muscle Protein Turnover in the Elderly and 
Its Potential Contribution to the Development of Sarcopenia.  
Proc Nutr Soc. 2015;74:387-396.

13. Band MM, Sumukadas D, Struthers AD, et al. Leucine and  
ACE Inhibitors as Therapies for Sarcopenia (LACE Trial):  
Study Protocol for a Randomized Controlled Trial. Trials. 
2018;19:6. doi:10.1186/s13063-017-2390-9.

14. Robinson SM, Reginster JY, Rizzoli R, et al. Does Nutrition  
Play a Role in the Prevention and Management of Sarcopenia?  
Clin Nutr. 2017. (In press) doi:10.1016/j.clnu.2017.08.016.

15. Wolfe RR. The Underappreciated Role of Muscle in Health  
and Disease. Am J Clin Nutr. 2006;84:475-482.

16. Houston DK, Nicklas BJ, Ding J, et al. Dietary Protein Intake  
Is Associated with Lean Mass Change in Older, Community 
Dwelling Adults: The Health, Aging and Body Composition 
(Health ABC) Study. Am J Clin Nutr. 2008;87:150-155.

17. Mithal A, Bonjour JP, Boonen S, et al. Impact of Nutrition  
on Muscle Mass, Strength, and Performance in Older Adults.  
Osteoporos Int. 2012. doi:10.1007/s00198-012-2236-y.

18. Verlaan S, Aspray TJ, Bauer JM, et al. Nutritional Status, 
Body Composition, and Quality of Life in Community-Dwelling 
Sarcopenic and Non-Sarcopenic Older Adults: A Case-Control 
Study. Clin Nutr. 2017:36:267-274.

19. Wakshlag JJ, Barr SC, Ordway GA, et al. Effect of Dietary  
Protein on Lean Body Wasting in Dogs: Correlation Between  
Loss of Lean Body Mass and Markers of Proteasome-Dependent 
Proteolysis. J Anim Physiol Anim Nutr. 2003;87:408-420.

20. Laflamme DP. Loss of Lean Body Mass in Aging Cats Is  
Affected by Age and Diet. Eur Society Vet Comp Nutr Annual  
Conf. Ghent, Belgium. 2013. 

21. Laflamme DP, Hannah SS. Discrepancy Between Use of  
Lean Body Mass or Nitrogen Balance to Determine Protein  
Requirements for Adult Cats. J Feline Med Surg. 2013;15:691-697.

22. Yang Y, Breen L, Burd NA, et al. Resistance Exercise  
Enhances Myofibrillar Protein Synthesis with Graded Intakes  
of Whey Protein in Older Men. Brit J Nutr. 2012;108:1780-1788.

23. Bauer J, Biolo G, Cederholm T, et al. Evidence-Based 
Recommendations for Optimal Dietary Protein Intake in 
Older People: A Position Paper from the PROT-AGE Study  
Group. J Am Med Dir Assoc. 2013;14(8):542e59. doi:10.1016/ 
j.jamda.2013.05.021.

24. Deutz NE, Bauer JM, Barazzoni R, et al. Protein Intake 
and Exercise for Optimal Muscle Function with Aging:  
Recommendations from the ESPEN Expert Group. Clin Nutr.  
2014;33(6):929e36. doi:10.1016/j.clnu.2014.04.007.

25. Gaffney-Stomberg E, Insogna KL, Rodriguez NR, Kerstetter  
JE. Increasing Dietary Protein Requirements in Elderly People  
for Optimal Muscle and Bone Health. J Am Geriatr Soc. 
2009:57:1073-1079.

26. Allison JB, Wannemacher RW. The Concept and Signif-
icance of Labile and Overall Protein Reserves of the Body. 
Am J Clin Nutr.1965;16:445-452.

27. Wannemacher RW, McCoy JR. Determination of Optimal 
Dietary Protein Requirements of Young and Old Dogs. J Nutr.  
1966;88:66-74. 

28. Swick RW, Benevenga NJ. Labile Protein Reserves and 
Protein Turnover. J Dairy Sci. 1976;60:505-515.

29. Young VR, Marchini JS. Mechanisms and Nutritional 
Significance of Metabolic Responses to Altered Intakes of 
Protein and Amino Acids, with Reference to Nutritional 
Adaptations in Humans. Am J Clin Nutr. 1990;51:270-289

30. Williams CC, Cummins KA, Hayek MG, Davenport GM. 
Effects of Dietary Protein on Whole-Body Protein Turnover 
and Endocrine Function in Young-Adult and Aging Dogs.  
J Anim Sci. 2001;79:3128-3136.

31. Boirie Y, Dangin M, Gachon P, et al. Slow and Fast Dietary 
Proteins Differentially Modulate Postprandial Protein Accre-
tion. Proc Natl Acad Sci USA. 1997;94:14930-14935.

32. Walrand S, Zangarelli A, Guillet C, et al. Effect of Fat 
Dietary Proteins on Muscle Protein Synthesis Rate and 
Muscle Strength in Ad Libitum-Fed and Energy-Restricted 
Old Rats. Brit J Nutr. 2011;106:1683-1690.



46        COMPANION ANIMAL NUTRITION SUMMIT  |  MAY 3-5, 2018  |  CHARLESTON, SOUTH CAROLINA      

33. Burd NA, Yang Y, Moore DR, et al. Greater Stimulation 
of Myofibrillar Protein Synthesis with Ingestion of Whey 
Protein Isolate v. Micellar Casein at Rest and After Resis-
tance Exercise in Elderly Men. Brit J Nutr. 2012;108:958-962.

34. Tishler ME, Desautels M, Goldberg AL. Does Leucine, 
Leucyl-tRNA, or Some Metabolite of Leucine Regulate 
Protein Synthesis and Degradation in Skeletal and Cardiac 
Muscle? J Biol Chem. 1982;257:1613-1621.

35. Katsanos CS, Chinkes DL, Paddon-Jones D, et al. Whey 
Protein Ingestion in Elderly Persons Results in Greater Muscle 
Protein Accrual than Ingestion of Its Constituent Essential 
Amino Acid Content. Nutr Res. 2008;28:651-658.

36. Bauer JM, Verlaan S, Bautmans I, et al. Effects of a 
Vitamin D and Leucine-Enriched Whey Protein Nutritional 
Supplement on Measures of Sarcopenia in Older Adults, 
the PROVIDE Study: A Randomized, Double-Blind, Place-
bo-Controlled Trial. J Am Med Dir Assoc. 2015;16:740-747.

37. Rondanelli M, Klersy C, Terracol G, et al. Whey Protein, 
Amino Acids, and Vitamin D Supplementation with Physical 
Activity Increases Fat-Free Mass and Strength, Functionality, 
and Quality of Life and Decreases Inflammation in Sarcopenic 
Elderly. Am J Clin Nutr. 2016;103:830-840.

38. Sato T, Ito Y, Nagasawa T. Regulation of Skeletal Muscle 
Protein Degradation and Synthesis by Oral Administration 
of Lysine in Rats. J Nutr Sci Vitaminol. 2013;59:412-419.

39. Wang T, Feugang JM, Crenshaw MA, et al. A Systems  
Biology Approach Using Transcriptomic Data Reveals Genes  
and Pathways in Porcine Skeletal Muscle Affected by Dietary 
Lysine. Int J Mol Sci. 2017;18:885. doi:10.3390/ijms18040885.

40. Frantz NZ, Yamka RM, Friesen KG. The Effect of Diet and  
Lysine:Calorie Ratio on Body Composition and Kidney Health  
in Geriatric Cats. Intern J Appl Res Vet Med. 2007;5:25-36.

41. Verlaan S, Maier AB, Bauer JM, et al. Sufficient Levels of  
25-Hydroxyvitamin D and Protein Intake Required to Increase 
Muscle Mass in Sarcopenic Older Adults –The PROVIDE 
Study. Clin Nutr. 2017. doi:10.1016/j.clnu.2017.01.005.

42. Chanet A, Salles J, Guillet C, et al. Vitamin D Supplemen-
tation Restores the Blunted Muscle Protein Synthesis Response 
in Deficient Old Rats Through an Impact on Ectopic Fat 
Deposition. J Nutr Biochem. 2017;46:30-38.

43. Salles J, Chanet A, Giraudet C, et al. 1,25(OH)2vitamin 
D Enhances the Stimulating Effect of Leucine and Insulin 
on Protein Synthesis Rate Through Akt/PKB and MTOR 

Mediated Pathways in Murine C2C12 Skeletal Myotubes. 
Mol Nutr Food Res. 2013;57(12):2137-2146.

44. Mitch WE, Medina R, Grieber S, et al. Metabolic Acidosis 
Stimulates Muscle Protein Degradation by Activating the 
Adenosine Triphosphate-Dependent Pathway Involving 
Ubiquitin and Proteasomes. J Clin Invest. 1994;93:2127-2133.

45. Caso G, Garlick PJ. Control of Muscle Protein Kinetics by  
Acid-Base Balance. Curr Opin Clin Nutr Metab Care. 2005;8:73-76.

46. Garibotto G, Sofia A, Russo R, et al. Insulin Sensitivity 
of Muscle Protein Metabolism Is Altered in Patients with 
Chronic Kidney Disease and Metabolic Acidosis. Kidney Int. 
2015;88:1419-1426.

47. Wang X, Mitch WE. Muscle Wasting from Kidney Failure 
— A Model for Catabolic Conditions. Int J Biochem Cell Biol. 
2013;45:2230-2238.

48. Faure AM, Fischer K, Dawson-Hughes B, et al. Gender- 
Specific Association Between Dietary Acid Load and Total 
Lean Body Mass and Its Dependency on Protein Intake in 
Seniors. Osteoporos Int. 2017;28:3451-3462.

49. Dawson-Hughes B, Harris SB, Caglia L. Alkaline Diets 
Favor Lean Tissue Mass in Older Adults. Am J Clin Nutr. 
2008;87:662-665.

50. Mehrotra R, Bross R, Wang H, et al. Effect of High-Normal 
Compared with Low-Normal Arterial pH on Protein Balances 
in Automated Peritoneal Dialysis Patients. Am J Clin Nutr. 
2009;90:1532-1540.

51. Li K, Huang T, Zheng J, et al. Effect of Marine-Derived 
n-3 Polyunsaturated Fatty Acids on C-Reactive Protein,  
Interleukin 6 and Tumor Necrosis Factor α: A Meta-Analysis.  
PLOS One. 2014;9:e88103. doi:10.1371/journal.pone.0088103.

52. Bermingham EN, Weidgraaf K, Hekman M, et al. Seasonal  
and Age Effects on Energy Requirements in Domestic Short-
Hair Cats (Felis Catus) in a Temperate Environment. J Anim 
Physiol An N. 2012;97:522-530.

53. Perez-Camargo G, Young L. Nutrient Digestibility in Old 
Versus Young Cats. Compendium. 2005;27(3A):84.

54. Van Dronkelaar C, Van Velzen A, Abdelrazek M, et al.  
Minerals and Sarcopenia: The Role of Calcium, Iron, 
Magnesium, Phosphorus, Potassium, Selenium, Sodium 
and Zinc on Muscle Mass, Muscle Strength, and Physical 
Performance in Older Adults: A Systematic Review. J Am 
Med Dir Assoc. 2018;19:6-11.


