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The significance of carbohydrates for endurance training has been well established, whereas the role of protein and the adaptive response with endurance training is unclear. Therefore, the aim of this perspective is to discuss the current evidence on the role of dietary protein and the adaptive response with endurance training. On a metabolic level, a single bout of endurance training stimulates the oxidation of several amino acids. Although the amount of amino acids as part of total energy expenditure during exercise is relatively low compared to other substrates (e.g., carbohydrates and fat), it may depress the rates of skeletal muscle protein synthesis, and thereby have a negative effect on training adaptation. A low supply of amino acids relative to that of carbohydrates may also have negative effects on the synthesis of capillaries, synthesis and turn-over of mitochondrial proteins and proteins involved in oxygen transport including hamoglobin and myoglobin. Thus far, the scientific evidence demonstrating the significance of dietary protein is mainly derived from research with resistance exercise training regimes. This is not surprising since the general paradigm states that endurance training has insignificant effects on skeletal muscle growth. This could have resulted in an underappreciation of the role of dietary protein for the endurance athlete. To conclude, evidence of the role of protein on endurance training adaptations and performance remains scarce and is mainly derived from acute exercise studies. Therefore, future human intervention studies must unravel whether dietary protein is truly capable of augmenting endurance training adaptations and ultimately performance.
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INTRODUCTION

Nutritional strategies to maximize recovery from exercise are widely used by recreational as well as elite athletes. Post-exercise carbohydrate ingestion is considered to facilitate muscle glycogen resynthesis (Burke et al., 2017), and that of proteins to repair the exercise-induced damage to the contractile proteins and for de novo synthesis of proteins (Phillips, 2012). Thus far, scientific evidence demonstrating the significance of dietary protein is mainly derived from research with resistance exercise training regimes (Cermak et al., 2012). This is not surprising since the general paradigm states that endurance training has insignificant effects on skeletal muscle growth. This could have resulted in an underappreciation of the role of dietary protein for the endurance athlete.

However, a recent review on endurance training and skeletal muscle hypertrophy revealed that both acute and chronic endurance training enhances muscle protein synthesis and skeletal muscle growth respectively (Konopka and Harber, 2014). Particularly, they reported that eight out of nine studies on the effects of endurance training on skeletal muscle demonstrated significant muscle growth in both younger and older individuals (Konopka and Harber, 2014). Further evidence for increased protein-needs of individuals participating in endurance training regimes comes from studies on amino acid oxidation during exercise in rodents (Kato et al., 2016) and humans (Kato et al., 2016) and hypothetically for capillarization, synthesis and turn-over of mitochondrial proteins and proteins involved in oxygen transport including hemoglobin and myoglobin. Just as with resistance exercise, exogenous essential amino acids are required to repair the endurance exercise-induced muscle damage. From these considerations it becomes clear that the role of dietary protein in optimizing endurance training adaptations requires further study. Therefore, the aim of this perspective is to discuss the current evidence on the role of dietary protein and the adaptive response (e.g., biochemical and physiological endpoints) with endurance training. In addition, since the mechanisms underpinning these adaptations are not fully understood, we propose a novel hypothesis (Figure 1) based on our unpublished observations and the current literature why protein intake may potentially be advantageous for individuals participating in endurance training regimes.
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FIGURE 1. Simplified schematic figure representing the regulation of endurance training-induced adaptation and the hypothetical role of dietary protein herein. Changes in heart such as maximal cardiac output and blood, e.g., blood and plasma volume, hemoglobin, red blood cell volume enhances O2 oxygen-carrying capacity of the blood, whereas skeletal muscle adaptations potentially contribute to O2 extraction. Pink circles indicates where dietary proteins might play a role in adaptation with endurance training. AMPK, 5′adenosine monophosphate-activated protein kinase; BV, blood volume; HB, hemoglobin; PGC-1α, peroxisome-activated receptor gamma coactivator 1-alpha; PV, plasma volume; Qpeak, peak cardiac output; RBCs, red blood cells.



ADAPTATION TO ENDURANCE TRAINING

Endurance exercise performance roughly depends on three major aspects: (I) maximal oxygen consumption (VO2max), (II) the percentage of VO2max that can be sustained during endurance exercise, which in turn is largely dictated by the lactate threshold, and (III) mechanical efficiency, defined as the energy cost to sustain a power output or velocity (Wackerhage, 2014). Training these limiting factors may lead to an increase in oxidative capacity through hematological and metabolic adaptations and associated enhanced O2 transport and utilization (Montero et al., 2015). O2 transport is primarily regulated via cardiac (e.g., stroke volume) and circulatory (e.g., blood volume, O2 carrying capacity) adaptations, while improvements in O2 diffusion (involving capillaries) and utilization (involving mitochondria) are mainly the result of adaptations within skeletal muscle (e.g., mitochondrial capacity, capillary density, myoglobin, oxidative enzymes/proteins).

PROTEIN REQUIREMENTS FOR THE ENDURANCE ATHLETE

Synthesis and degradation rates of skeletal muscle proteins are usually in balance, ensuring that the amount of skeletal muscle proteins remains unchanged in healthy individuals (Burd et al., 2009). However, acute changes in different intramuscular protein fractions (mitochondrial, myofibrillar, sarcolemma) could be training specific. It has been proposed that endurance training augments the concentration of mitochondrial proteins without any changes in muscle size (Holloszy and Booth, 1976). Based on this idea, one could expect that different types of training would stimulate the intramuscular protein fractions differently. However, various authors reported similar increases of the effect of different exercise modes (endurance, resistance or concurrent) on mitochondrial protein synthesis during the early post-exercise period (Wilkinson et al., 2008; Robinson et al., 2010; Breen et al., 2011; Coffey et al., 2011; Burd et al., 2012; Donges et al., 2012). An increased need for dietary protein could partly arise from enhanced amino acid oxidation during endurance training (Tarnopolsky, 2004; Moore et al., 2014). Indeed, earlier studies have demonstrated increased amino acid oxidation rates through stimulation of protein breakdown rates (Lemon and Mullin, 1980; Bowtell et al., 2000; Harber et al., 2010; Howarth et al., 2010). Additionally, it has been theorized that endurance training affects amino acid requirements for an increased need of enzymes, for capillarization, and for hemoglobin and myoglobin synthesis (Tarnopolsky, 2004). The current sport science consensus statements on nutrition and athletic performance advises 1.2–1.4 g protein·kg−1·d−1 for endurance-trained athletes (American Dietetic Association et al., 2009; Jäger et al., 2017). However, Kato et al. (2016) studied the average protein requirements in endurance athletes during an acute 3-day training period using the indicator amino acid oxidation method and reported a recommended protein intake that is greater than the RDA (0.8 g · kg1·d1) and the current recommendations for endurance athletes (1.2–1.4 g·kg−1·d−1) (Kato et al., 2016). Moreover, they reported an estimated average requirement and a recommended protein intake of 1.6 of 1.8 g protein·kg−1·d−1 respectively. Therefore, it remains to be established whether these recommendations are optimal for individuals participating in endurance training regimes and whether this is affected by the training phase of the individual and other training parameters including intensity, type and frequency.

SIGNIFICANCE OF PROTEIN INGESTION BEFORE AND DURING ENDURANCE TRAINING

Only a few investigations have addressed the role of protein ingestion before and during endurance training modalities. In line with previous work on protein ingestion prior to and during resistance exercise (Tipton et al., 2007), Coffey and colleagues reported that protein ingestion before a single bout of repeated sprints increases post-exercise myofibrillar protein synthesis (Coffey et al., 2011). However, short high-intensity endurance bursts such as repeated sprints differ both energetically and metabolically from prolonged continuous endurance training. For example, prolonged endurance training stimulates the oxidation of amino acids, in particular isoleucine, leucine and valine, otherwise known as the branched chain amino acids (BCAAs). Even though mitochondria are capable of oxidizing a variety of amino acids, they preferentially oxidize BCAAs (Phillips et al., 1993; Lamont et al., 1999; McKenzie et al., 2000). These amino acids including BCAAs can be used as a substitute for carbohydrates and fat as fuel source for ATP resynthesis. When compared to carbohydrates and fat, leucine oxidation during endurance exercise is relatively low (Lamont et al., 1990; Phillips et al., 1993; McKenzie et al., 2000; Tarnopolsky, 2004), yet, the absolute leucine oxidation increases because of the increase in total energy demand during endurance exercise. Since leucine is an essential amino acid and considered to be important for its role in translational machinery (Churchward-Venne et al., 2012), increased oxidation rates could depress the rates of skeletal muscle protein synthesis (Rose and Richter, 2009) and negatively affect protein requirements (Tarnopolsky, 2004). Other work by Koopman and colleagues demonstrated that the combined ingestion of protein and carbohydrate throughout a prolonged endurance exercise bout (2.5 h cycling, 1 h of running and 2.5 h of cycling) improves whole body net protein balance at rest, as well as during exercise and post-exercise (Koopman et al., 2004). The enhanced whole body net protein balance with protein ingestion may be partly explained by the diminished muscle protein breakdown during endurance exercise (Hulston et al., 2011). Furthermore, the favored enhanced net protein balance has been proposed as the theoretical basis for a potential ergogenic effect of protein ingestion during endurance exercise. Yet, findings of combined carbohydrate and protein ingestion during endurance exercise on performance outcomes are controversial (Saunders, 2007). For instance, in a study by Saunders et al. (2009), male cyclists performed two 60 km time trials with either carbohydrate or carbohydrate + protein beverage every 5 km (200 ml) and post-exercise (500 ml). No significant difference in 60 km total time between the conditions was found. In spite of that, the addition of protein hydrolysate to the carbohydrate beverage explained a significant amount of variance in performance times between conditions during the final stages (20 and 5 km) of the time trial (Saunders et al., 2009). The latter suggests a favorable effect of protein ingestion during exercise on endurance performance. Lastly, the addition of protein to a carbohydrate supplement consumed during exercise does not improve recovery or performance in elite cyclists despite high demands of daily exhaustive sessions during a 1-week training camp (Hansen et al., 2016). In summary, there is currently little evidence for improved endurance performance with protein intake before and during endurance exercise. Nevertheless, findings of abovementioned studies underline the importance of exogenous protein for remodeling/repair of the exercise-induced damaged protein.

SIGNIFICANCE OF PROTEIN INGESTION AFTER ENDURANCE EXERCISE

Since most of the research so far has focused on protein ingestion with resistance exercise, these findings form generally the basis for protein ingestion recommendations for individuals participating in endurance-based programs. However, the skeletal muscle adaptive response during post-exercise recovery is strongly affected by food intake. Post-exercise supplementation in the form of protein after exercise has been the focus of many acute exercise interventions (Howarth et al., 2009; Harber et al., 2010; Coffey et al., 2011; Lunn et al., 2012). Only a few studies have examined the responses of dietary protein on mitochondrial protein synthesis after endurance exercise. Breen et al. (2011) examined the role of dietary protein on both mitochondrial and myofibrillar protein synthesis (Breen et al., 2011). In their study, trained healthy males cycled for 90 min at ~77% VO2max. Such intensity (~77% VO2max) can be considered as vigorous endurance exercise (Garber et al., 2011) and results in more mitochondrial mass and improved skeletal muscle oxidative capacity when applied chronically. Immediately and 30 min following the exercise bout, subjects ingested a carbohydrate beverage and in one condition a total of 20 g of whey protein was added. It was shown that the co-ingestion of whey protein with carbohydrate augments the myofibrillar protein synthetic response up to 4 h after exercise (Breen et al., 2011). Their finding, namely that endurance exercise with post-exercise dietary protein ingestion enhances myofibrillar protein synthesis, is in accordance with previous findings where subjects ingested protein after high-intensity sprint exercise (Coffey et al., 2011). Noteworthy, the authors did not find a difference between the conditions on mitochondrial protein synthesis. It might be possible that the timing of the biopsy overlooked any potential increase in mitochondrial protein synthesis. Indeed, recent work by Hill et al. (2013) demonstrated that the acute PGC-1α mRNA, considered as the master regulator of mitochondrial biogenesis, was enhanced after a 60 min endurance bout (~70% VO2max) at 6 h when subjects were exposed to a 2-week dietary intervention with co-ingestion of carbohydrates + whey protein isolate (Hill et al., 2013). Their finding that carbohydrates + whey protein isolate enhanced a marker of mitochondrial recovery is in contrast with the findings of Breen et al. (2011). The different findings are possibly explained by the timing of the muscle biopsies and the applied nutritional strategy. For example, subjects in the study of Hill and colleagues were supplemented for 2 weeks with either carbohydrates or carbohydrates + whey protein isolate (Hill et al., 2013), whereas subjects in the study of Breen et al. (2011) were merely supplemented post-exercise (Breen et al., 2011). Lastly, even though mitochondrial protein synthesis and PGC-1α mRNA can be both used as a marker for mitochondrial recovery, comparison of findings remains difficult.

SIGNIFICANCE OF PROTEIN INGESTION DURING THE PROLONGED RECOVERY PERIOD AFTER ENDURANCE EXERCISE

At this moment, there is not much research on the effects of protein ingestion during the prolonged recovery period after endurance exercise (from 3 up to 12 h post-exercise). However, Areta et al. (2013) reported that the distribution of protein ingestion during the 12 h after resistance exercise affects the rates of myofibrillar protein synthesis (Areta et al., 2013). Specifically, in their study they compared three isocaloric timing strategies for protein ingestion during a 12 h period after resistance exercise: (I) 2 × 40 g every 6 h (bolus); (II) 4 × 20 g every 3 h (intermediate); and (III) 8 × 10 g every 1.5 h (pulse). It was concluded that intermediate feeding was superior to either bolus or pulse feeding for stimulation of myofibrillar protein synthesis. Albeit somewhat speculative, it is likely that individuals participating in an endurance training regime also benefit from an intermediate protein ingestion strategy. Further on this notion, work from Breen et al. (2011) showed that the addition of protein to a carbohydrate drink in the early post-endurance exercise did not show increases in mitochondrial protein synthesis compared with a carbohydrate drink only (Breen et al., 2011). However, mitochondrial protein synthesis measurements were taken in the early post-exercise endurance period, since the latency of mitochondrial protein synthesis is currently unclear, it could be that a response at a later stage was overlooked.

LONG-TERM ENDURANCE TRAINING AND THE ROLE OF PROTEIN

Unfortunately, to the best of our knowledge, the current literature still lacks studies exploring the role of dietary protein with a robust period of endurance training (>6 weeks). The period of the endurance training intervention is an important aspect when looking at how skeletal muscle adaptations can be influenced by dietary protein. Indeed, recent work by Montero et al. (2015) demonstrated that the increase in VO2peak with 6 weeks of endurance training (3–4 endurance sessions per week at ~65% Wmax) was primarily explained by an increase in peak cardiac output and oxygen-carrying capacity of the blood (Montero et al., 2015). Moreover, in their study, skeletal muscle adaptations related to muscle capillarization and mitochondrial volume density did not substantially contribute to the improvements in VO2peak following the 6 weeks of endurance training. It is therefore important to conduct endurance training intervention studies over a longer period (e.g., 8, 12 or 20 weeks), especially when the purpose of the study is to explore the role of protein within the entire spectrum of the physiological adaptive response to endurance training. Only a few studies investigated the effects of protein supplementation during “long-term” (4–6 weeks) endurance training in healthy young men (Ferguson-Stegall et al., 2011) and older adults (Robinson et al., 2011). In the study of Robinson et al. (2011) young and old participants performed 3 treadmill-based aerobic sessions weekly for 6 weeks (30 min; intensity increased progressively ranging from ~65 to 85% HRmax) and were provided with a post-exercise beverage containing either carbohydrates or isocaloric protein. The absolute VO2max increased in the protein group but not in the carbohydrate group following 6 weeks of aerobic training (Robinson et al., 2011). The finding that protein supplementation improves endurance training-induced oxidative adaptations is supported by the study of Ferguson-Stegall et al. (2011). In this study it was demonstrated that 60 min of cycling, five times a week (~75–80% VO2max) for 4 weeks with intake of a post-exercise chocolate milk beverage, improves VO2max and body composition to a greater extent compared to carbohydrates alone. Somewhat surprisingly, markers of mitochondrial adaptation such as citrate synthase activity, succinate dehydrogenase activity and PGC-1α increased as a result of training independent of the type of nutritional intervention (Ferguson-Stegall et al., 2011). Finally, supplementation of a mixture BCAAs in mice increased mitochondrial biogenesis and whole body physical endurance as measured as the time till exhaustion in a treadmill test (D'Antona et al., 2010). Since sport specific performance outcomes were not included in aforementioned studies, it remains unclear whether the increase in VO2max improved the performance.

THE ROLE OF PROTEIN SOURCE

The superiority of one protein source over another in terms of exercise adaptation has not been convincingly demonstrated (Campbell et al., 2007), though type and quality can influence bioavailability (Jäger et al., 2017). The choice of protein source is of additional relevance to athletes given the environmental/ethical, overall health, and bioactivity differences which have been reported (Grunert et al., 2000; Tang et al., 2009; Song et al., 2016; Giromini et al., 2017). In the context of this perspective, it is the bioactivity of different protein sources that is of primary consideration, given the potential beneficial effects on oxygen diffusion and utilization. The “food first” approach to sports nutrition is widely touted, but food structure can influence the suitability of protein sources via altered kinetics of amino acid availability (Dangin et al., 2002; Fardet et al., 2018) and digestive discomfort (de Oliveira et al., 2014). For these reasons as well as convenience, powder-form supplements are often recommended. Given the further geo-logistic, time, and dosage demands of endurance sport, tablet-form protein supplements may be of greater facility in some instances. On a metabolic level, the presence or absence of essential amino acids (Hoffman and Falvo, 2004), leucine content (Norton et al., 2010), and type of protein (Tang et al., 2009) have been shown to alter the muscle protein synthetic response and body compositional changes, prompting the development of a number of assessment methods. Despite a range of assessment scales existing (Hoffman and Falvo, 2004; Jäger et al., 2017), comparisons of protein sources have centered largely on biological value (proportion of nitrogen used for tissue formation) and digestion rate (Dangin et al., 2002; Bauer et al., 2013). Multiple authors have reported differences in biological value between protein sources (Hoffman and Falvo, 2004; Bauer et al., 2013). In addition, it has been demonstrated that more rapidly digested sources (i.e., whey) seem to confer increased insulin response, post-exercise muscle protein synthesis, resting muscle protein synthesis and blood leucine enrichment in the first hour after consumption (Tang et al., 2009). However, the suitability of the existing assessment scales varies with respect to their relevance to endurance athletes (as does the use of an inappropriately short 1-h assessment window). For instance, the Protein Efficiency Ratio (PER), representing mass gain per g of protein ingested, represents an inverse of suitability for most endurance athletes. Biological value too may be of limited use to endurance athletes as it considers only the tissue-related nitrogen use (thus omitting protein synthesis of oxidative enzymes and hematopoiesis, for instance). The Protein Digestibility Corrected Amino Acids Score (PDCAAS) is the most widely used assessment, but it too is limited by its lack of consideration of ileal digestibility, and the short-sightedness of determining protein quality based on the content of a single amino acid (which may be sufficiently abundant in the habitual diet). Endurance athletes demonstrate prolonged periods of increased muscle protein synthesis while still engaged in exercise, meaning protein requirements are elevated while in a state of compromised gastric function and reduced feeding opportunities (van Wijck et al., 2012). The PDCAAS may be of assistance to athletes engaging in ultra-endurance events, by informing a decision which should maximize essential amino acids per weight consumed, to minimize the risk of gastrointestinal distress. Coupled with personal experience of irritability triggers, this approach may be particularly practical for ultra-endurance runners and triathletes (events >3 h duration).

Amino Acid Profile Bioavailability

There is a lack of understanding concerning the practical relevance of established differences in source bioactivity on the adaptive response to endurance training, though some reports when combined suggest an adaptive advantage (Tang et al., 2009; Konopka and Harber, 2014). Unpublished data from our own study of supplementary effects of proteins on endurance training adaptation showed a response effect of habitual carbohydrate intake, before controlling for the expected variation due to casein supplementation. This suggests that the adaptation effect of supplementing even a robust bioavailable protein source is relatively low in the context of dietary effects on training outcomes, and so the importance of protein source is somewhat diminished.

Wolfe in his 2000 article raised the suggestion that endurance athletes' optimal protein intake may seek to maximize recovery (protein synthesis) while avoiding weight gain (protein deposition) (Wolfe, 2000). With this goal, one may seek to provide an endurance-tailored amino acid profile which avoids a hypertrophy-oriented profile (e.g., high in leucine) and instead provides an amino acid profile more specific to the requirements of oxygen utilization. I.e., those necessary for mitochondrial biogenesis (PGCs), fission (Fiss1, MPP, Drp1), mitophagy (Pink1, Parkin), fusion (Opa1, Mfn1/2), and the production of rate-limiting mitochondrial enzymes (pyruvate dehydrogenase, carnitine palmitoyl transferase). The amino acid composition of the parenthesised drivers of these processes may serve as a start-point for the elucidation of an endurance-specific ideal in terms of amino acid profile. However, the profile of downstream products, endogenous amino acid bioavailability, and the quantities involved ought to be considered. The leucine-induced increase in muscle protein synthesis is contested in humans, and high quantities may decrease autophagy (a vital aspect of endurance-specific adaptation) (Glynn et al., 2010). As such, the mechanisms of leucine's effects on body composition, muscle protein synthesis initiation factors (e.g., 4E-BP1) and autophagic regulators (e.g., ULK1) should be shown to be preferential in an endurance setting before disproportionate inclusion in supplements.

BCAAs, Casein or Whey

It has been reported that BCAAs are preferentially oxidized (ahead of un-branched amino acids) during endurance exercise (Hood and Terjung, 1990; MacLean et al., 1994). Given that BCAAs are also essential and that muscle protein synthesis is elevated following but also during exercise (Konopka et al., 2017), extended endurance exercise may evoke an environment of suboptimal BCAA availability. For this reason it may be beneficial to the overall adaptive response and/or performance (via substrate availability) to provide a source rich in BCAAs during extensive exercise (e.g., whey, soy or casein). When used concurrently with less intensive endurance training, high intensity and/or strength training will evoke a greater myofibrillar protein synthetic response (Egan and Zierath, 2013; Philp et al., 2015), which may improve performance adaptation (Howarth et al., 2009). The existing wisdom regarding protein supplementation is thus more likely to hold true; a readily digested source of protein with high leucine content (e.g., whey) may be preferable to maximize post-exercise muscle protein synthesis (Tang et al., 2009). In these situations protein supplementation may aid in satiety as well as achieving protein intake targets while total energy demands of training are likely decreased.

As described earlier in this paper, mitochondrial protein synthesis demonstrates a delayed response post-exercise when compared to myofibrillar protein synthesis (Di Donato et al., 2014; Philp et al., 2015). It then follows that the acute protein requirement for endurance athletes immediately following exercise may be reduced, while the window of elevated utilization may exist for a longer time-period compared to strength trainers. If true, the existing advice paradigm of rapidly absorbed protein to be ingested as soon as possible post-exercise may sub-optimally support the protein-synthetic adaptive response to endurance training. In consideration of this observation, protein with a slower digestion rate may be preferable. However, it has been suggested that essential amino acid content and rapid digestion tend to coexist in protein sources (Tang et al., 2009). Furthermore, the greater insulin response reported to accompany these properties, which may contribute to digestion rate, is likely unavoidable in the context of post-endurance exercise refueling of muscle glycogen. Consumption of post-exercise protein in a whole-food form including dietary fiber to prolong the period of elevated amino acid availability is one simple solution. Division of the dose between two meals may also be necessary in order to optimally provide for protein availability over the 6 + h of elevated mitochondrial/cytosolic protein synthesis.

CONCLUSION

To summarize, evidence of the role of protein on endurance training adaptations and performance is scarce. Yet, a number of acute endurance exercise studies have raised interesting hypotheses. However, these hypotheses are mainly based on studies measuring muscle protein synthesis, physiological (e.g., amino acid oxidation) and biochemical (e.g., activation/phosphorylation of specific enzymes/proteins or mRNA profiles) endpoints which do not necessarily reflect an improved adaptation and performance. Even though the findings of acute exercise studies contribute to the understanding of the mechanisms that underpin adaptation with endurance training, it is no direct proof that individuals performing endurance training benefit from additional protein. Future evidence must be derived from long-term endurance training studies that combine performance outcomes and biochemical/physiological endpoints.

AUTHOR CONTRIBUTIONS

PK wrote the perspective. MH, CV, and MM contributed substantially by giving insightful comments and suggestions during the creation of the perspective.

FUNDING

This study was part of the EAT2MOVE project and supported by a grant from the Province of Gelderland, proposal PS2014-49.

REFERENCES

 American Dietetic Association, Dietitians of Canada, American College of Sports Medicine, Rodriguez, N. R., Di Marco, N. M., and Langley, S. (2009). American College of Sports Medicine position stand. Nutrition and athletic performance. Med. Sci. Sports Exerc. 41, 709–731. doi: 10.1249/MSS.0b013e31890eb86

 Areta, J. L., Burke, L. M., Ross, M. L., Camera, D. M., West, D. W., Broad, E. M., et al. (2013). Timing and distribution of protein ingestion during prolonged recovery from resistance exercise alters myofibrillar protein synthesis. J. Physiol. 591, 2319–2331. doi: 10.1113/jphysiol.2012.244897

 Bauer, J., Biolo, G., Cederholm, T., Cesari, M., Cruz-Jentoft, A. J., Morley, J. E., et al. (2013). 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. 14, 542–559. doi: 10.1016/j.jamda.2013.05.021

 Bowtell, J. L., Leese, G. P., Smith, K., Watt, P. W., Nevill, A., Rooyackers, O., et al. (2000). Effect of oral glucose on leucine turnover in human subjects at rest and during exercise at two levels of dietary protein. J. Physiol. 525(Pt 1), 271–281. doi: 10.1111/j.1469-7793.2000.00271.x

 Breen, L., Philp, A., Witard, O. C., Jackman, S. R., Selby, A., Smith, K., et al. (2011). The influence of carbohydrate-protein co-ingestion following endurance exercise on myofibrillar and mitochondrial protein synthesis. J. Physiol. 589, 4011–4025. doi: 10.1113/jphysiol.2011.211888

 Burd, N. A., Andrews, R. J., West, D. W., Little, J. P., Cochran, A. J., Hector, A. J., et al. (2012). Muscle time under tension during resistance exercise stimulates differential muscle protein sub-fractional synthetic responses in men. J. Physiol. 590, 351–362. doi: 10.1113/jphysiol.2011.221200

 Burd, N. A., Tang, J. E., Moore, D. R., and Phillips, S. M. (2009). Exercise training and protein metabolism: influences of contraction, protein intake, and sex-based differences. J. Appl. Physiol. 106, 1692–1701. doi: 10.1152/japplphysiol.91351.2008

 Burke, L. M., van Loon, L. J. C., and Hawley, J. A. (2017). Postexercise muscle glycogen resynthesis in humans. J. Appl. Physiol. 122, 1055–1067. doi: 10.1152/japplphysiol.00860.2016

 Campbell, B., Kreider, R. B., Ziegenfuss, T., La Bounty, P., Roberts, M., Burke, D., et al. (2007). International society of sports nutrition position stand: protein and exercise. J. Int. Soc. Sports Nutr. 4:8. doi: 10.1186/1550-2783-4-8

 Cermak, N. M., Res, P. T., de Groot, L. C., Saris, W. H., and van Loon, L. J. (2012). Protein supplementation augments the adaptive response of skeletal muscle to resistance-type exercise training: a meta-analysis. Am. J. Clin. Nutr. 96, 1454–1464. doi: 10.3945/ajcn.112.037556

 Churchward-Venne, T. A., Burd, N. A., Mitchell, C. J., West, D. W., Philp, A., Marcotte, G. R., et al. (2012). 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. J. Physiol. 590, 2751–2765. doi: 10.1113/jphysiol.2012.228833

 Coffey, V. G., Moore, D. R., Burd, N. A., Rerecich, T., Stellingwerff, T., Garnham, A. P., et al. (2011). Nutrient provision increases signalling and protein synthesis in human skeletal muscle after repeated sprints. Eur. J. Appl. Physiol. 111, 1473–1483. doi: 10.1007/s00421-010-1768-0

 Dangin, M., Boirie, Y., Guillet, C., and Beaufrère, B. (2002). Influence of the protein digestion rate on protein turnover in young and elderly subjects. J. Nutr. 132, 3228s−3233s. doi: 10.1093/jn/131.10.3228S

 D'Antona, G., Ragni, M., Cardile, A., Tedesco, L., Dossena, M., Bruttini, F., et al. (2010). Branched-chain amino acid supplementation promotes survival and supports cardiac and skeletal muscle mitochondrial biogenesis in middle-aged mice. Cell Metab. 12, 362–372. doi: 10.1016/j.cmet.2010.08.016

 de Oliveira, E. P., Burini, R. C., and Jeukendrup, A. (2014). Gastrointestinal complaints during exercise: prevalence, etiology, and nutritional recommendations. Sports Med. 44 (Suppl. 1), S79–85. doi: 10.1007/s40279-014-0153-2

 Di Donato, D. M., West, D. W., Churchward-Venne, T. A., Breen, L., Baker, S. K., and Phillips, S. M. (2014). Influence of aerobic exercise intensity on myofibrillar and mitochondrial protein synthesis in young men during early and late postexercise recovery. Am. J. Physiol. Endocrinol. Metabol. 306, E1025–E1032. doi: 10.1152/ajpendo.00487.2013

 Donges, C. E., Burd, N. A., Duffield, R., Smith, G. C., West, D. W., Short, M. J., et al. (2012). Concurrent resistance and aerobic exercise stimulates both myofibrillar and mitochondrial protein synthesis in sedentary middle-aged men. J. Appl. Physiol. 112, 1992–2001. doi: 10.1152/japplphysiol.00166.2012

 Egan, B., and Zierath, J. R. (2013). Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell Metab. 17, 162–184. doi: 10.1016/j.cmet.2012.12.012

 Fardet, A., Dupont, D., Rioux, L. E., and Turgeon, S. L. (2018). Influence of food structure on dairy protein, lipid and calcium bioavailability: a narrative review of evidence. Crit. Rev. Food Sci. Nutr. 2, 1–24. doi: 10.1080/10408398.2018.1435503

 Ferguson-Stegall, L., McCleave, E., Ding, Z., Doerner Iii, P. G., Liu, Y., Wang, B., et al. (2011). Aerobic exercise training adaptations are increased by postexercise carbohydrate-protein supplementation. J. Nutr. Metab. 2011:623182. doi: 10.1155/2011/623182

 Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J., Lee, I. M., et al. (2011). American College of Sports Medicine position stand. Quantity and quality of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for prescribing exercise. Med. Sci. Sports Exer. 43, 1334–1359. doi: 10.1249/MSS.0b013e318213fefb

 Giromini, C., Fekete, Á. A., Givens, D. I., Baldi, A., and Lovegrove, J. A. (2017). Short-communication: a comparison of the in vitro angiotensin-1-converting enzyme inhibitory capacity of dairy and plant protein supplements. Nutrients 9:1352. doi: 10.3390/nu9121352

 Glynn, E. L., Fry, C. S., Drummond, M. J., Timmerman, K. L., Dhanani, S., Volpi, E., et al. (2010). Excess leucine intake enhances muscle anabolic signaling but net protein anabolism in young men and women. J. Nutr. 140, 1970–1976. doi: 10.3945/jn.110.127647

 Grunert, K. G., Bech-Larsen, T., and Bredahl, L. (2000). Three issues in consumer quality perception and acceptance of dairy products. Int. Dairy J. 10, 575–584. doi: 10.1016/S0958-6946(00)00085-6

 Hansen, M., Bangsbo, J., Jensen, J., Krause-Jensen, M., Bibby, B. M., Sollie, O., et al. (2016). Protein intake during training sessions has no effect on performance and recovery during a strenuous training camp for elite cyclists. J. Int. Soc. Sports Nutr. 13:9. doi: 10.1186/s12970-016-0120-4

 Harber, M. P., Konopka, A. R., Jemiolo, B., Trappe, S. W., Trappe, T. A., and Reidy, P. T. (2010). Muscle protein synthesis and gene expression during recovery from aerobic exercise in the fasted and fed states. Am. J. Physiol. Regul. Integr. Compar. Physiol. 299, R1254–R1262. doi: 10.1152/ajpregu.00348.2010

 Hill, K. M., Stathis, C. G., Grinfeld, E., Hayes, A., and McAinch, A. J. (2013). Co-ingestion of carbohydrate and whey protein isolates enhance PGC-1alpha mRNA expression: a randomised, single blind, cross over study. J. Int. Soc. Sports Nutr. 10:8. doi: 10.1186/1550-2783-10-8

 Hoffman, J. R., and Falvo, M. J. (2004). Protein - which is best? J. Sports Sci. Med. 3, 118–130.

 Holloszy, J. O., and Booth, F. W. (1976). Biochemical adaptations to endurance exercise in muscle. Annu. Rev. Physiol. 38, 273–291. doi: 10.1146/annurev.ph.38.030176.001421

 Hood, D. A., and Terjung, R. L. (1990). Amino acid metabolism during exercise and following endurance training. Sports Med. 9, 23–35. doi: 10.2165/00007256-199009010-00003

 Howarth, K. R., Moreau, N. A., Phillips, S. M., and Gibala, M. J. (2009). Coingestion of protein with carbohydrate during recovery from endurance exercise stimulates skeletal muscle protein synthesis in humans. J. Appl. Physiol. 106, 1394–1402. doi: 10.1152/japplphysiol.90333.2008

 Howarth, K. R., Phillips, S. M., MacDonald, M. J., Richards, D., Moreau, N. A., and Gibala, M. J. (2010). Effect of glycogen availability on human skeletal muscle protein turnover during exercise and recovery. J. Appl. Physiol. 109, 431–438. doi: 10.1152/japplphysiol.00108.2009

 Hulston, C. J., Wolsk, E., Grondahl, T. S., Yfanti, C., and Van, H. G. (2011). Protein intake does not increase vastus lateralis muscle protein synthesis during cycling. Med. Sci. Sports Exerc. 43, 1635–1642. doi: 10.1249/MSS.0b013e31821661ab

 Jäger, R., Kerksick, C. M., Campbell, B. I., Cribb, P. J., Wells, S. D., Skwiat, T. M., et al. (2017). International society of sports nutrition position stand: protein and exercise. J. Int. Soc. Sports Nutr. 14:20. doi: 10.1186/s12970-017-0177-8

 Kato, H., Suzuki, K., Bannai, M., and Moore, D. R. (2016). Protein requirements are elevated in endurance athletes after exercise as determined by the indicator amino acid oxidation method. PLoS ONE 11:e0157406. doi: 10.1371/journal.pone.0157406

 Konopka, A. R., Castor, W. M., Wolff, C. A., Musci, R. V., Reid, J. J., Laurin, J. L., et al. (2017). Skeletal muscle mitochondrial protein synthesis and respiration in response to the energetic stress of an ultra-endurance race. J. Appl. Physiol. 123, 1516–1524. doi: 10.1152/japplphysiol.00457.2017

 Konopka, A. R., and Harber, M. P. (2014). Skeletal muscle hypertrophy after aerobic exercise training. Exerc. Sport Sci. Rev. 42, 53–61. doi: 10.1249/JES.0000000000000007

 Koopman, R., Pannemans, D. L., Jeukendrup, A. E., Gijsen, A. P., Senden, J. M., Halliday, D., et al. (2004). Combined ingestion of protein and carbohydrate improves protein balance during ultra-endurance exercise. Am. J. Physiol. Endocrinol. metab. 287, E712–E720. doi: 10.1152/ajpendo.00543.2003

 Lamont, L. S., McCullough, A. J., and Kalhan, S. C. (1999). Comparison of leucine kinetics in endurance-trained and sedentary humans. J. Appl. Physiol. 86, 320–325. doi: 10.1152/jappl.1999.86.1.320

 Lamont, L. S., Patel, D. G., and Kalhan, S. C. (1990). Leucine kinetics in endurance-trained humans. J. Appl. Physiol. 69, 1–6. doi: 10.1152/jappl.1990.69.1.1

 Lemon, P. W., and Mullin, J. P. (1980). Effect of initial muscle glycogen levels on protein catabolism during exercise. J. Appl. Physiol. 48, 624–629. doi: 10.1152/jappl.1980.48.4.624

 Lunn, W. R., Pasiakos, S. M., Colletto, M. R., Karfonta, K. E., Carbone, J. W., Anderson, J. M., et al. (2012). Chocolate milk and endurance exercise recovery: protein balance, glycogen, and performance. Med. Sci. Sports Exerc. 44, 682–691. doi: 10.1249/MSS.0b013e3182364162

 MacLean, D. A., Graham, T. E., and Saltin, B. (1994). Branched-chain amino acids augment ammonia metabolism while attenuating protein breakdown during exercise. Am. J. Physiol. 267, E1010–E1022. doi: 10.1152/ajpendo.1994.267.6.E1010

 McKenzie, S., Phillips, S. M., Carter, S. L., Lowther, S., Gibala, M. J., and Tarnopolsky, M. A. (2000). Endurance exercise training attenuates leucine oxidation and BCOAD activation during exercise in humans. Am. J. Physiol. Endocrinol. Metab. 278, E580–E587. doi: 10.1152/ajpendo.2000.278.4.E580

 Montero, D., Cathomen, A., Jacobs, R. A., Flück, D., de Leur, J., Keiser, S., et al. (2015). Haematological rather than skeletal muscle adaptations contribute to the increase in peak oxygen uptake induced by moderate endurance training. J. Physiol. 593, 4677–4688. doi: 10.1113/JP270250

 Moore, D. R., Camera, D. M., Areta, J. L., and Hawley, J. A. (2014). Beyond muscle hypertrophy: why dietary protein is important for endurance athletes. Appl. Physiol. Nutr. Metab. 39, 987–997. doi: 10.1139/apnm-2013-0591

 Norton, L. E., Layman, D. K., Wilson, G. J., Moulton, C., Rupassara, S. I., and Garlick, P. J. (2010). Leucine contents of isonitrogenous protein sources predict changes in body composition and muscle mass in rats. FASEB J. 24, 97.95. Available online at: https://www.fasebj.org/doi/abs/10.1096/fasebj.24.1_supplement.97.5

 Phillips, S. M. (2012). Dietary protein requirements and adaptive advantages in athletes. Br. J. Nutr. 108 (Suppl. 2), S158–S167. doi: 10.1017/S0007114512002516

 Phillips, S. M., Atkinson, S. A., Tarnopolsky, M. A., and MacDougall, J. D. (1993). Gender differences in leucine kinetics and nitrogen balance in endurance athletes. J. Appl. Physiol. 75, 2134–2141. doi: 10.1152/jappl.1993.75.5.2134

 Philp, A., Schenk, S., Perez-Schindler, J., Hamilton, D. L., Breen, L., Laverone, E., et al. (2015). Rapamycin does not prevent increases in myofibrillar or mitochondrial protein synthesis following endurance exercise. J. Physiol. 593, 4275–4284. doi: 10.1113/JP271219

 Robinson, M. M., Richards, J. C., Hickey, M. S., Moore, D. R., Phillips, S. M., Bell, C., et al. (2010). Acute {beta}-adrenergic stimulation does not alter mitochondrial protein synthesis or markers of mitochondrial biogenesis in adult men. Am. J. Physiol. Regul. Integr. Compar. Physiol. 298, R25–R33. doi: 10.1152/ajpregu.00524.2009

 Robinson, M. M., Turner, S. M., Hellerstein, M. K., Hamilton, K. L., and Miller, B. F. (2011). Long-term synthesis rates of skeletal muscle DNA and protein are higher during aerobic training in older humans than in sedentary young subjects but are not altered by protein supplementation. FASEB J. 25, 3240–3249. doi: 10.1096/fj.11-186437

 Rose, A. J., and Richter, E. A. (2009). Regulatory mechanisms of skeletal muscle protein turnover during exercise. J. Appl. Physiol. 106, 1702–1711. doi: 10.1152/japplphysiol.91375.2008

 Saunders, M. J. (2007). Coingestion of carbohydrate-protein during endurance exercise: influence on performance and recovery. Int. J. Sport Nutr. Exerc. Metab. 17 (Suppl.), S87–S103. doi: 10.1123/ijsnem.17.s1.s87

 Saunders, M. J., Moore, R. W., Kies, A. K., Luden, N. D., and Pratt, C. A. (2009). Carbohydrate and protein hydrolysate coingestions improvement of late-exercise time-trial performance. Int. J. Sport Nutr. Exerc. Metab. 19, 136–149. doi: 10.1123/ijsnem.19.2.136

 Song, M., Fung, T. T., Hu, F. B., Willett, W. C., Longo, V. D., Chan, A. T., et al. (2016). Association of animal and plant protein intake with all-cause and cause-specific mortality. JAMA Intern. Med. 176, 1453–1463. doi: 10.1001/jamainternmed.2016.4182

 Tang, J. E., Moore, D. R., Kujbida, G. W., Tarnopolsky, M. A., and Phillips, S. M. (2009). Ingestion of whey hydrolysate, casein, or soy protein isolate: effects on mixed muscle protein synthesis at rest and following resistance exercise in young men. J. Appl. Physiol. 107, 987–992. doi: 10.1152/japplphysiol.00076.2009

 Tarnopolsky, M. (2004). Protein requirements for endurance athletes. Nutrition 20, 662–668. doi: 10.1016/j.nut.2004.04.008

 Tipton, K. D., Elliott, T. A., Cree, M. G., Aarsland, A. A., Sanford, A. P., and Wolfe, R. R. (2007). Stimulation of net muscle protein synthesis by whey protein ingestion before and after exercise. Am. J. Physiol. Endocrinol. Metabol. 292, E71–E76. doi: 10.1152/ajpendo.00166.2006

 van Wijck, K., Lenaerts, K., Grootjans, J., Wijnands, K. A., Poeze, M., van Loon, L. J., et al. (2012). Physiology and pathophysiology of splanchnic hypoperfusion and intestinal injury during exercise: strategies for evaluation and prevention. Am. J. Physiol. Gastrointest. liver Physiol. 303, G155–G168. doi: 10.1152/ajpgi.00066.2012

 Wackerhage, H. (2014). Molecular Exercise Physiology: An Introduction. London; New York, NY: Routledge.

 Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski, K. E., Tarnopolsky, M. A., et al. (2008). Differential effects of resistance and endurance exercise in the fed state on signalling molecule phosphorylation and protein synthesis in human muscle. J. Physiol. 586, 3701–3717. doi: 10.1113/jphysiol.2008.153916

 Wolfe, R. R. (2000). Protein supplements and exercise. Am. J. Clin. Nutr. 72, 551s−557s. doi: 10.1093/ajcn/72.2.551S

Conflict of Interest Statement: The 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.

Copyright © 2018 Knuiman, Hopman, Verbruggen and Mensink. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Physiology

Protein and the Adaptive Response
With Endurance Training: Wishful
Thinking or a Competitive Edge?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-09-00598-g001.gif
y -
A A
T 1
o E sz (R

o Mitochondsialprotein ranscrption.
N% | ermens e
cisamary | O e
ety _ Srmiieaosty

oy A A A o
o g o Fasen Wbty

2





