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Addition of a combination of creatine, carnitine, and choline to a commercial diet increases postprandial plasma creatine and creatinine concentrations in adult dogs
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Creatine is a nitrogenous compound essential for cellular energy homeostasis found in animal protein; however, when heat-processed for pet food, creatine is degraded to creatinine, which is not metabolically active and excreted in urine. The objective of the present investigation was to define the postprandial plasma creatine and creatinine response in dogs fed a commercial diet (CON) formulated for adult dogs, top-dressed with a combination of creatine (9.6 g/kg dry matter, DM), carnitine (2.13 g/kg DM) and choline (0.24 g/kg DM; CCC), methionine (2.6 g/kg DM; MET), or taurine (0.7 g/kg DM; TAU). Eight adult Beagles were fed one of the four diets for 7 days in a Latin Square design with no washout period. On day 7, cephalic catheters were placed and blood samples were collected before being fed (fasted) and up to 6 h post-meal. Creatine and creatinine were analyzed using HPLC and data analyzed using PROC GLIMMIX in SAS. Plasma creatine concentrations were higher in dogs fed CCC (103 ± 10 μmol/L) compared to MET (72 ± 7 μmol/L) at fasted (P < 0.05) and higher compared to all other treatments from 15 to 360 min post-meal (P < 0.05). Plasma creatinine concentrations were higher in dogs fed CCC from 60 to 180 min compared to all other treatments. These data suggest that when creatine, carnitine and choline are top-dressed for 7 days, plasma creatine is rapidly absorbed and remains elevated up to 6 h post-meal. This may have implications for energy metabolism and should be considered when using creatinine as a diagnostic tool in dogs.
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Introduction

Creatine, an essential nitrogenous compound, is synthesized from the amino acids glycine and arginine to produce ornithine and guanidinoacetate (GAA). Once synthesized, GAA can be methylated by S-adenosylmethionine (SAM) to creatine and S-adenosylhomocysteine, which is quickly metabolized to homocysteine. This reaction uses more methyl groups from SAM than any other methylation reaction (1). Creatine is stored in high concentrations in both skeletal and cardiac muscle as both creatine and phosphocreatine, which is available for immediate regeneration of ATP during short bouts of intense exercise [reviewed in (2)]. More specifically, during initial intense exercise, phosphocreatine is readily and quickly used for ATP regeneration whereas aerobic metabolism provides a significant amount of ATP during subsequent bouts of intense exercise (3). Creatine may also play a role in modulating neurological, neuromuscular and atherosclerotic disease [reviewed in (4)].

Creatine synthesis has the potential to present a burden for amino acid metabolism as it involves three amino acid precursors, glycine, arginine and methionine, the precursor to SAM. In fact, some studies in rats supplemented with creatine report greater plasma glycine concentrations (5) and lower plasma homocysteine concentrations (5, 6). Similar to creatine, carnitine is a major methyl acceptor and endogenous metabolite of methionine that plays a role in generating energy via fatty acid transport into the mitochondria (7). On the other hand, choline can act as a methyl donor in the remethylation pathway to generate methionine from homocysteine.

In vertebrates, creatine is irreversibly and non-enzymatically dehydrated to produce creatinine at a rate of about 1.5–2% of the total creatine pool per day (8) and, as such, serum and urine creatinine is used as a measure of glomerular filtration rate in dogs to clinically assess kidney disease. Although no reference range exists for plasma or serum creatine in dogs, several healthy reference ranges have been defined for serum creatinine in dogs. Extremes in serum creatinine have been reported from 35 to 250 μmol/L but reference ranges can depend on the laboratory method used and on the breed of dog (9). In fact, a separate reference range has been defined for greyhound dogs from 106 to 168 μmol/L given that creatinine concentrations are directly related to muscle mass (10). Accordingly, this reference range is higher than the reference range determined in the same study for healthy mixed breed dogs [70–150 μmol/L; (10)]. The serum concentrations of creatinine need to be interpreted carefully with an understanding of dietary composition and total feed intake, the body composition of the individual, and the intensity and duration of exercise that the individual participates in.

Sources of creatine in pet food are animal tissues and by-products; however, after heat-processing, creatine in kibble and meat and bone meal is rapidly degraded to creatinine resulting in lower concentrations of creatine and higher concentrations of creatinine in cooked pet food compared to raw meats (11). Although not currently supplemented, or even commonly measured in pet food, creatine has important implications for amino acid and energy metabolism in the dog. As such, the objective of the current study was to define the postprandial plasma creatine and creatinine response in dogs fed a commercial meat-based diet top-dressed with methyl acceptors, creatine and carnitine, and methyl donor, choline, or methionine, or a downstream metabolite of methionine, taurine. We hypothesize that dogs supplemented with creatine, carnitine and choline will have greater postprandial plasma creatine and creatinine concentrations compared to dogs fed methionine, taurine and control.



Materials and methods


Animals, dietary treatments, and meal response

All data that will be presented herein were collected but not published in Banton et al. (12) and as such, a detailed explanation of the methods can be found there. In short, eight pair-housed healthy Beagle dogs (1.6 ± 0.04 yrs, 7.8 ± 1.5 kg) were fed a commercial control diet formulated for all life stages and fed to maintain body weight (BW; Nutrience Grain-Free Pork, Lamb and Duck Formula, single batch, Rolf C. Hagen Inc., QC, Canada, Supplementary Table 1). This diet was fed either on its own (CON) or supplemented with 2.6 g/kg DM 99% DL-methionine (MET) to achieve 2.2 times the National Research Council (13) recommended allowance for adult dogs (7.2 g/kg dry matter; DM); 0.7 g/kg DM 98.5% taurine (TAU) to achieve a similar amount to a taurine supplemented diet for dogs with early cardiac disease (Royal Canin Early Cardiac Dry Dog Food, Mars Pet Care, St. Charles, MO; 1.6 g/kg DM); or a mixture of 9.6 g/kg DM 99.5% creatine monohydrate, 2.13 g/kg DM 60% choline chloride and 0.24 g/kg DM 50% L-carnitine (CCC). The control diet contained 0.195 g/kg of creatine and 0.563 g/kg creatinine on an as-fed basis. After supplementation, dogs fed CCC received a total of 9.123 g/kg creatine on an as-fed basis. The creatine dose was selected based on McBreairty et al. (14) study done in pigs, which is 200 mg/kg BW/day and is similar to a typical creatine dosing level in humans (15). Choline was supplemented to achieve 2.3 times the NRC recommended allowance for adult dogs (3.8 g/kg DM) and carnitine was supplemented to exceed the commonly supplemented dose of 0.1–0.2 g/kg DM in dog food [0.33 g/kg DM; (16)]. Dogs were fed one of the treatments or CON once daily for 7 d in a complete, randomized 4 × 4 Latin Square design. On d 7, a cephalic catheter was placed, a fasted blood sample was taken, the meal was fed and blood samples were collected at 15, 30, 60, 90, 120, 180, 240, 300, and 360 min after the meal. Blood was placed in a sodium-heparin tube and centrifuged at 4°C at 1,200 × g for 10 min. Plasma was separated and stored at −80°C until analysis.



Creatine and creatinine analysis

The creatine and creatinine content of the control diet was analyzed at AlzChem Trostberg GmbH (Trostberg, Germany) using an ion chromatography system (Dionex ICS3000 or 5000) as reported in van der Poel et al. (17). The creatine and creatinine concentrations in the plasma was analyzed using High Performance Liquid Chromatography (HPLC) [Adapted from (18); Aligent Technologies, Santa Clara, CA]. Briefly, 60 uL of trifluoroacetic acid (TFA) was added to 300 uL of plasma and 300 uL of tris buffer in order to deproteinate the plasma. The sample was set on ice for 10 min before centrifuging at 14,500 rpm for 10 min. The supernatant was then filtered through a 0.2 uM nylon filter. Creatine and Creatinine (100 uL injection volume) were separated in a Hypercarb column (4.6 × 100 mm, 5 um; Fisher Scientific, Ottawa, ON) that was maintained at room temperature using HPLC with UV detection (210 nm) with a mobile phase of 3% acetonitrile and 0.1% TFA and a flow rate of 0.8 mL/min. Creatine and creatinine peaks were compared with known standards (Creatine Monohydrate, 99% and Anhydrous Creatinine, 98% from Sigma-Aldrich, St. Louis, MO).



Statistical analysis

Concentrations of plasma creatine and creatinine were analyzed as repeated measures using the PROC GLIMMIX procedure in SAS (SAS version 9.4, SAS Inst., Inc., Cary, NC). Dietary treatment and time were treated as fixed effects and period and dog were treated as random effects. In the statistical model, the effect of dietary treatment, time, and their interaction was evaluated. For each variable, model assumptions were assessed through residual analysis. Residuals for creatine were not normally distributed and as such, data were log-transformed for analysis. Means were separated using the Tukey–Kramer adjustment, and results were deemed significant at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.




Results

Residuals for creatine were not homogenous after log-transformation of the data but they were normally distributed. Although the homogeneity assumption of the model was not met, this is likely due to the much larger variation in plasma creatine concentrations in dogs fed CCC compared to the other treatment groups, which was expected since these dogs were supplemented with creatine.

There was a significant time by treatment interaction effect for both plasma creatine (P < 0.0001) and creatinine (P < 0.0001; Figures 1, 2, respectively). Fasted plasma creatine concentrations were higher in dogs fed CCC (103 ± 10 μmol/L) compared to dogs fed MET (72 ± 7 μmol/L; P = 0.0347), but similar to dogs fed CON and TAU. In addition, plasma creatine concentrations were higher in dogs fed CCC compared to all other treatments from 15 to 360 min post-meal (P < 0.05). Plasma creatinine concentrations were higher in dogs fed CCC compared to dogs fed CON (P = 0.0117) and MET (P = 0.0285) at 30 min post-meal and higher in dogs fed CCC from 60 to 180 min post-meal compared to all other treatments (P < 0.05). In addition, plasma creatinine was higher in dogs fed CCC compared to CON (P = 0.0458) and tended to be higher compared to dogs fed MET (P = 0.0861) at 240 min post-meal. Plasma creatinine concentrations tended to be higher in dogs fed CCC compared to dogs fed CON (P = 0.0779) and MET (P = 0.0994) at 300 min post-meal.
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FIGURE 1
 Mean plasma creatine concentrations (μmol/L) in dogs from fasted (0 min) to 360 min post-meal on either creatine, carnitine and choline (CCC), control (CON), methionine (MET), or taurine (TAU) supplementation. Values are presented as least squares means (lsmeans) ± SEM. The asterisk indicates a significant time by treatment interaction effect (P < 0.05) at each time point.
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FIGURE 2
 Mean plasma creatinine concentrations (μmol/L) in dogs from fasted (0 min) to 360 min post-meal on either creatine, carnitine and choline (CCC), control (CON), methionine (MET), or taurine (TAU) supplementation. Values are presented as least squares means (lsmeans) ± SEM. The asterisk indicates a significant time by treatment interaction effect (P < 0.05) at each time point.


As dogs on MET, TAU and CON did not differ in their plasma creatine or creatinine concentrations at time 0 (fasted), a reference range for this population of dogs was calculated using pooled data across these three treatments (n = 24). Fasted plasma creatine ranged from 45.8 to 137.0 μmol/L with an average concentration of 83.0 ± 24.7 μmol/L, therefore the reference range was determined to be 33.6–132.4 μmol/L (mean ± 2 SDs). Fasted plasma creatinine ranged from 62.7 to 182.3 μmol/L with an average concentration of 139.4 ± 28.1 μmol/L, therefore the reference range was determined to be 83.3–195.5 μmol/L.



Discussion

As hypothesized, creatine concentrations increased following the meal proving effective dosing in the CCC treatment and agreeing with previous reports. Harris et al. (19) reported peak creatine concentrations that were 4 times higher than fasted at 3 h post-meal in Beagles supplemented with creatine monohydrate at ~167 mg/kg after only 1 day. Lowe et al. (20) reported peak creatine concentrations that were 4.5 or 5.7 times higher than fasted at 1 and 2 h post-meal in Beagles supplemented with creatine monohydrate at either 200 or 400 mg/kg BW/day, respectively for 28 days. In the present study where we supplied creatine at 200 mg/kg BW/d, creatine reached peak concentrations that were seven times higher than the control diet after 90 min and remained elevated in plasma until at least 6 h post-meal. Therefore, when creatine monohydrate is top-dressed, it is rapidly absorbed and remains elevated in circulating plasma for up to 6 h.

Although an established healthy reference range for plasma creatine does not exist in dogs, we attempted to define one, 33.6–132.4 μmol/L, noting that this is limited to only eight dogs of the same age and breed. Different serum creatinine reference ranges have been defined for different breeds of dogs; 70–150 μmol/L in healthy mixed breed dogs and 106–168 μmol/L in greyhounds (10). Dogs supplemented with creatine in this trial had plasma creatinine concentrations above both reference ranges from 30 to 300 min following the meal. Furthermore, at certain time points following the meal, dogs fed CON, TAU, and MET also had concentrations that exceeded the mixed breed reference range. Although this reference range is in serum and we measured plasma, this should be considered when using creatinine as a diagnostic tool for kidney disease in dogs. In fact, in several case reports in human medicine, people consuming large amounts of protein and creatine supplements have been misdiagnosed with kidney disease due to elevated levels of serum creatinine (21). Based on the data from the present study, it is recommended that fasted blood samples be collected when assessing creatinine concentrations in dogs in a clinical setting, especially if the dog is consuming supplementary creatine, as these values could be elevated and additional diagnostics are required.

In the only study to investigate a source of creatine (guanidinoacetic acid, GAA) supplementation to Foxhound mixed breed dogs undergoing a light exercise regimen, Dobenecker and Braun (22) reported greater plasma creatine concentrations up to 7 h post-meal, as well as a decrease in body fat and an increase in muscle. This avenue of research remains largely unexplored in dogs, but supplementing creatine to human athletes has been well-studied and suggests that creatine supplementation can improve both physical performance (23, 24) and recovery after short-term, high intensity exercise (25, 26). The meal response of creatine appearance in plasma suggests that after only 7 days of supplementation, peak concentrations of creatine can reach up to seven times that of fasted concentrations. Although more research is needed, this data provides insight into the application of creatine supplementation in dogs and suggests that working breeds who perform shorter bouts of high intensity exercise may benefit from creatine supplementation, as has been shown to be the case in exercising humans (23–26).

Several studies in both humans (27) and rats (5, 6) suggest that creatine supplementation decreases homocysteine concentrations. Homocysteine has long been suggested as a risk factor for the development of coronary heart disease in humans [reviewed in (28)] and more recently, in dogs (29, 30). In previously published findings from this study, we reported similar plasma homocysteine and methionine concentrations in the CCC supplemented group compared to CON and TAU, despite high levels of supplemental creatine, whereas dogs supplemented with methionine had elevated plasma homocysteine and methionine concentrations from 60 to 360 min following the meal (12). There are several explanations for the lack of change in methionine and homocysteine concentrations in the CCC group. First, the control diet was formulated for dogs of all life stages and far exceeded amino acid requirements at maintenance. Brosnan et al. (31) highlight that the demand for de novo creatine synthesis in growing piglets is far greater than at maintenance and presents a considerable burden on methionine metabolism and this demand may not be present in the dogs on the current study. Second, the dogs used in the current study were healthy adult dogs not undergoing any exercise or immune challenge and therefore there was no additional demand for amino acids or downstream metabolites. Deminice and Jordao (32) also highlight the ability of creatine to reduce oxidative stress markers induced by exercise, suggesting a demand for creatine during exercise. We also did not see any treatment differences in plasma arginine or glycine in the previous report (12), which may be explained by this reasoning as well. Likely the oversupply of amino acids in the control diet circumvented the need for any sparing effect of creatine supplementation. Future studies may attempt to investigate the sparing effect of creatine with either growing or exercise-challenged dogs or perhaps a diet limited in methionine.

Recent work in human medicine has begun exploring creatine's role in disease. For example, patients with rheumatoid arthritis supplemented with creatine for 12 weeks had increased appendicular and total lean mass, improving muscle wasting caused by the disease (33). A study done in healthy elderly men and women reported that those supplemented with creatine for 2 weeks had improved upper body grip strength and delayed neuromuscular fatigue (34). Some work in rats suggests an anti-inflammatory effect of supplemental creatine in models of both acute and chronic induced inflammation (35, 36). However, studies done in humans remain contradictory. Although creatine supplementation in healthy athletes has led to decreases in several pro-inflammatory cytokines after exercise (37, 38), supplemental creatine in patients with osteoarthritis had no effect on pro-inflammatory compounds compared to unsupplemented patients (39). Together, this work suggests a possible application for creatine supplementation in aging dogs, but research is yet to be done in this area.

In conclusion, 7 days of creatine monohydrate supplementation at 9.6 g/kg DM (200 mg/kg BW/day) fed to healthy adult beagles led to elevated plasma creatine concentrations up to at least 6 h post-meal and elevated plasma creatinine concentrations up to 4 h post-meal. Although our previous findings suggest no differences in plasma methionine, arginine or glycine in the CCC group, rat and human studies indicate that this may be a possibility and may be relevant for future investigations. For instance, exercising dogs or puppies may be favorable populations of dogs to benefit from elevated energy stores or spare precursor amino acids necessary for growth. These populations should be considered when thinking about supplementing creatine in dogs and when conducting future research.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Animal Care Committee, University of Guelph.



Author contributions

SB and AS were responsible for designing the study. SB was responsible for statistical analysis and writing of the manuscript. UB and ES were responsible for laboratory analysis. All authors contributed to editing of the manuscript.



Funding

This research was funded by Rolf C. Hagen, Inc. (Grant: 053974) and awarded to AS. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

The authors would like to thank Yanping Lou for running the blood analysis, AlzChem Trostberg GmbH for running the diet analysis, and Trouw Nutrition for providing the supplements.



Conflict of interest

Author AS is the Champion Petfoods Chair in Canine and Feline Nutrition, Physiology and Metabolism, a Champion Petfoods consultant, receives research funding from private industry, and was a former employee of P&G Petcare and Mars Petcare. Author UB is a former employee of AlzChem Group AG.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2022.1063169/full#supplementary-material



References

 1. Wyss M, Wallimann T. Creatine metabolism and the consequences of creatine depletion in muscle. Mol Cell Biochem. (1994) 133–4:51–66. doi: 10.1007/BF01267947

 2. Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. Physiol Rev. (2000) 3:1107. doi: 10.1152/physrev.2000.80.3.1107

 3. Bogdanis GC, Nevill ME, Boobis LH, Lakomy HKA. Contribution of phosphocreatine and aerobic metabolism to energy supply during repeated sprint exercise. J Appl Physiol. (1996) 80:876–84. doi: 10.1152/jappl.1996.80.3.876

 4. Wyss M, Schulze A. Health implications of creatine: can oral creatine supplementation protect against neurological and atherosclerotic disease? Neuroscience. (2002) 112:243–60. doi: 10.1016/S0306-4522(02)00088-X

 5. Deminice R, Portari GV, Vannucchi H, Jordao AA. Effects of creatine supplementation on homocysteine levels and lipid peroxidation in rats. Br J Nutr. (2009) 102:110–6. doi: 10.1017/S0007114508162985

 6. Stead LM, Au KP, Jacobs RL, Brosnan ME, Brosnan JT. Methylation demand and homocysteine metabolism: effects of dietary provision of creatine and guanidinoacetate. Am J Physiol. (2001) 5:E1095. doi: 10.1152/ajpendo.2001.281.5.E1095

 7. Gilbert EF. Carnitine deficiency. Pathology. (1985) 17:161–71. doi: 10.3109/00313028509063752

 8. Crim MC, Calloway DH, Margen S. Creatine metabolism in men: urinary creatine and creatinine excretions with creatine feeding. J Nutr. (1975) 105:428–38. doi: 10.1093/jn/105.4.428

 9. Braun JP, Lefebvre HP, Watson ADJ. Creatinine in the Dog: A Review. Veterinary Clinical Pathology. New York, NY: John Wiley & Sons, Ltd. (2003). doi: 10.1111/j.1939-165X.2003.tb00332.x

 10. Feeman WE, Couto CG, Gray TL. Serum creatinine concentrations in retired racing greyhounds. Vet Clin Pathol. (2003) 32:40–2. doi: 10.1111/j.1939-165X.2003.tb00312.x

 11. Dobenecker B, Braun U. Creatine and creatinine contents in different diet types for dogs - effects of source and processing. J Anim Physiol Anim Nutr. (2015) 99:1017–24. doi: 10.1111/jpn.12383

 12. Banton S, Pezzali JG, Verbrugghe A, Bakovic M, Wood KM, Shoveller AK. Addition of dietary methionine but not dietary taurine or methyl donors/receivers to a grain-free diet increases postprandial homocysteine concentrations in adult dogs. J Anim Sci. (2021) 99:skab223. doi: 10.1093/jas/skab223

 13. National Research Council. Nutrient Requirements of Dogs and Cats. 10th ed. Washington, DC: The National Academic Press (2006).

 14. McBreairty LE, Robinson JL, Furlong KR, Brunton JA, Bertolo RF. Guanidinoacetate is more effective than creatine at enhancing tissue creatine stores while consequently limiting methionine availability in Yucatan miniature pigs. PLoS ONE. (2015) 10:e0131563. doi: 10.1371/journal.pone.0131563

 15. Green AL, Hultman E, Macdonald IA, Sewell DA, Greenhaff PL. Carbohydrate ingestion augments skeletal muscle creatine accumulation during creatine supplementation in humans. Am J Physiol. (1996) 271:E821–6. doi: 10.1152/ajpendo.1996.271.5.E821

 16. Sunvold G, Tetrick M, Davenport G. Process and Product for Promoting Weight Loss in Overweight Dogs. U. S. Patent No. US 6,204,291 B1 (2000).

 17. van der Poel AFB, Braun U, Hendriks WH, Bosch G. Stability of creatine monohydrate and guanidinoacetic acid during manufacture (retorting and extrusion) and storage of dog foods. J Anim Physiol Anim Nutr. (2019) 103:1242–50. doi: 10.1111/jpn.13103

 18. Lamarre SG, Edison EE, Wijekoon EP, Brosnan ME, Brosnan JT. Suckling rat pups accumulate creatine primarily via de novo synthesis rather than from dam milk. J Nutr. (2010) 140:1570–3. doi: 10.3945/jn.110.125476

 19. Harris RC, Lowe JA. Absorption of creatine from meat or other dietary sources by the dog. Vet Rec. (1995) 137:595.

 20. Lowe JA, Murphy M, Nash V. Changes in plasma and muscle creatine concentration after increases in supplementary dietary creatine in dogs. J Nutr. (1998) 128:2691S−3S. doi: 10.1093/jn/128.12.2691S

 21. Willis J, Jones R, Nwokolo N, Levy J. Protein and creatine supplements and misdiagnosis of kidney disease. Br Med J. (2010) 340:b5027. doi: 10.1136/bmj.b5027

 22. Dobenecker B, Braun U. Effects of guanidinoacetic acid supplementation in dogs. J Anim Physiol Anim Nutr. (2013) 97(Suppl.1):75.

 23. Volek JS, Duncan ND, Mazzetti SA, Staron RS, Putukian M, Gómez AL, et al. Performance and muscle fiber adaptations to creatine supplementation and heavy resistance training. Med Sci Sports Exerc. (1999) 31:1147–56. doi: 10.1097/00005768-199908000-00011

 24. Van Loon LJC, Oosterlaar AM, Hartgens F, Hesselink MKC, Snow RJ, Wagenmakers AJM. Effects of creatine loading and prolonged creatine supplementation on body composition, fuel selection, sprint and endurance performance in humans. Clin Sci. (2003) 104:153–62. doi: 10.1042/cs1040153

 25. Cooke MB, Rybalka E, Williams AD, Cribb PJ, Hayes A. Creatine supplementation enhances muscle force recovery after eccentrically-induced muscle damage in healthy individuals. J Int Soc Sports Nutr. (2009) 6:13. doi: 10.1186/1550-2783-6-13

 26. Bassit RA, Pinheiro CHDJ, Vitzel KF, Sproesser AJ, Silveira LR, Curi R. Effect of short-term creatine supplementation on markers of skeletal muscle damage after strenuous contractile activity. Eur J Appl Physiol. (2010) 108:945–55. doi: 10.1007/s00421-009-1305-1

 27. Korzun WJ. Oral creatine supplements lower plasma homocysteine concentrations in humans. Clin Lab Sci. (2004) 17:102–6. doi: 10.29074/ASCLS.17.2.102

 28. Hankey GJ, Eikelboom JW. Homocysteine and vascular disease. Lancet. (1999) 354:407–13. doi: 10.1016/S0140-6736(98)11058-9

 29. Rossi S, Rossi G, Giordano A, Paltrinieri S. Homocysteine measurement by an enzymatic method and potential role of homocysteine as a biomarker in dogs. J Vet Diagnost Investig. (2008) 20:644–9. doi: 10.1177/104063870802000520

 30. Lee CM, Jeong DM, Kang MH, Kim SG, Han JI, Park HM. Correlation between serum homocysteine concentration and severity of mitral valve disease in dogs. Am J Vet Res. (2017) 78:440–6. doi: 10.2460/ajvr.78.4.440

 31. Brosnan JT, da Silva RP, Brosnan ME. The metabolic burden of creatine synthesis. Amino Acids. (2011) 11:853. doi: 10.1007/s00726-011-0853-y

 32. Deminice R, Jordao AA. Creatine supplementation reduces oxidative stress biomarkers after acute exercise in rats. Amino Acids. (2012) 43:709–15. doi: 10.1007/s00726-011-1121-x

 33. Wilkinson TJ, Lemmey AB, Jones JG, Sheikh F, Ahmad YA, Chitale S, et al. Can creatine supplementation improve body composition and objective physical function in rheumatoid arthritis patients? A randomized controlled trial. Arthrit Care Res. (2016) 68:729–37. doi: 10.1002/acr.22747

 34. Stout JR, Graves BS, Cramer JT, Goldstein ER, Costa PB, Smith AE, et al. Effects of creatine supplementation on the onset of neuromuscular fatigue threshold and muscle strength in elderly men and women (64-86 years). J Nutr Health Aging. (2007) 11:459–64.

 35. Khanna NK, Madan BR. Studies on the anti-inflammatory activity of creatine. Arch Int Pharmacodyn Ther. (1978) 231:340–50.

 36. Razonable RR, Henault M, Watson HL, Paya CV. Nystatin induces secretion of interleukin (IL)-1β, IL-8, and tumor necrosis factor alpha by a toll-like receptor-dependent mechanism. Antimicrob Agents Chemother. (2005) 49:3546–9. doi: 10.1128/AAC.49.8.3546-3549.2005

 37. Santos RVT, Bassit RA, Caperuto EC, Rosa LFBPC. The effect of creatine supplementation upon inflammatory and muscle soreness markers after a 30 km race. Life Sci. (2004) 75:1917–24. doi: 10.1016/j.lfs.2003.11.036

 38. Bassit RA, Curi R, Rosa LFBPC. Creatine supplementation reduces plasma levels of pro-inflammatory cytokines and PGE 2 after a half-ironman competition. Amino Acids. (2008) 35:425–31. doi: 10.1007/s00726-007-0582-4

 39. Cornish SM, Peeler JD. No effect of creatine monohydrate supplementation on inflammatory and cartilage degradation biomarkers in individuals with knee osteoarthritis. Nutr Res. (2018) 51:57–66. doi: 10.1016/j.nutres.2017.12.010





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Addition of a combination of creatine, carnitine, and choline to a commercial diet increases postprandial plasma creatine and creatinine concentrations in adult dogs



		Introduction



		Materials and methods



		Animals, dietary treatments, and meal response



		Creatine and creatinine analysis



		Statistical analysis







		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Addition of a combination of
creatine, carnitine, and choline
to a commercial diet increases

postprandial plasma creatine
and creatinine concentrations in

adult dogs





OPS/images/fvets-09-1063169-g001.gif





OPS/images/fvets-09-1063169-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





