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Abstract
The purpose of this narrative review is to provide an evidence-based update on the protein needs of endurance athletes with 
a focus on high-quality metabolic studies conducted on the topics of recovery and training adaptation over the past decade. 
We use the term ‘protein needs’ to delineate between the concepts of a daily protein requirement and per meal protein recom-
mendations when devising scientific evidence-based protein guidelines for the endurance athlete to promote post-exercise 
recovery, enhance the adaptive response to endurance training and improve endurance performance. A habitual protein 
intake of 1.5 g/kg of body mass (BM)−1·day−1 is typical in male and female endurance athletes. Based on findings from a 
series of contemporary protein requirement studies, the evidence suggests a daily protein intake of ~ 1.8 g·kgBM−1·day−1 
should be advocated for endurance athletes, with the caveat that the protein requirement may be further elevated in excess 
of 2.0 g·kgBM−1·day−1 during periods of carbohydrate-restricted training and on rest days. Regarding protein recommenda-
tions, the current lack of metabolic studies that determine the dose response of muscle protein synthesis to protein ingestion 
in relation to endurance exercise makes it difficult to present definitive guidelines on optimal per meal protein intakes for 
endurance athletes. Moreover, there remains no compelling evidence that co-ingesting protein with carbohydrate before or 
during endurance exercise confers any performance advantage, nor facilitates the resynthesis of liver or muscle glycogen 
stores during recovery, at least when carbohydrate recommendations are met. However, recent evidence suggests a role for 
protein nutrition in optimising the adaptive metabolic response to endurance training under conditions of low carbohydrate 
and/or energy availability that represent increasingly popular periodised strategies for endurance athletes.

1 Introduction

The 2024 Paris Olympic and Paralympic games show-
cased many extraordinary feats of athletic performance 
with  more than 30 world records broken across an array 
of sports, disciplines, and events. Among other scientific 
disciplines in sports medicine (e.g. exercise physiology, 
physiotherapy, strength and conditioning, sport psychol-
ogy), sport nutrition plays a crucial role in optimising 
athlete health, training adaptation and competitive per-
formance [1]. Dietary protein intake is widely recog-
nised as fundamental to maximising muscle hypertrophy 
and strength with resistance training in strength and/or 
power-based athletes [2–4]. However, despite a solid sci-
entific rationale (Fig. 1), less emphasis has historically 
been placed on the role of protein nutrition in promoting 
post-exercise recovery, adaptations to endurance training 
and optimising performance in endurance athletes [5]. 

Hence, the purpose of this narrative review is to com-
prehensively update [6] and critically appraise recent 
advances in scientific knowledge primarily from meta-
bolic studies regarding the protein needs of endurance 
athletes. The majority of relevant metabolic studies used 
to inform protein recommendations in endurance ath-
letes have recruited trained cyclists and/or triathletes that 
conducted an acute bout of prolonged (~ 90-min) con-
tinuous exercise typically on the cycle ergometer [7, 8], 
with only a handful of studies conducted in other endur-
anced-based modalties (e.g., running), team sport (i.e. 
soccer, ice hockey, volleyball) athletes [9, 10] or utilis-
ing a concurrent (combination of endurance exercise and 
resistance exercise) exercise model [11, 12]. In addition, 
data generated regarding protein needs in the context of 
ultra-endurance events (i.e. > 5 h) is comparatively lim-
ited [13]. In a bid to bridge the gap between science and 
practice, where possible, we translate the findings from 
classic and contemporary experimental metabolic stud-
ies of protein nutrition into practical recommendations 
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Key Points 

The indicator amino acid oxidation method offers the 
most contemporary technique for estimating the protein 
requirements of endurance athletes and is fundamental to 
recent advances in informing context-specific (i.e. during 
carbohydrate-restricted or low energy availability train-
ing) and individualised daily protein intake guidelines 
during training and rest days.

Based on contemporary studies utilising the indica-
tor amino acid oxidation method, endurance ath-
letes require a daily protein intake of 1.8 g·kg of 
body mass (BM)−1·day−1, which is 50% greater than 
sedentary adults, but should be further elevated 
to ~ 2.0 g·kgBM−1·day−1 during intensive training peri-
ods conducted under conditions of carbohydrate restric-
tion and/or low energy availability and on rest days.

Preliminary evidence indicates that endurance athletes 
should target a per meal protein intake of ~ 0.5 g·kgBM−1 
to maximally stimulate the synthesis of contractile mus-
cle proteins during immediate post-exercise recovery.

Although awareness around the under-representation of 
female participants in sport nutrition research is begin-
ning to improve, experimental studies designed to inform 
the protein needs of female endurance athletes remains a 
priority gap in the knowledge that warrants investigation.

for athletes and sport nutrition professionals within the 
context of endurance athlete performance.

2  Protein Metabolism and Endurance 
Exercise

The primary nutritional role of dietary protein in the context 
of exercise metabolism relates to the provision of amino 
acids as a substrate and signal for the repair and remodelling 
of skeletal muscle proteins. Muscle protein synthesis (MPS) 
and muscle protein breakdown (MPB) rates are stimulated 
both during and after endurance [14] or resistance [15] exer-
cise and underpin the cumulative response of skeletal muscle 
remodelling to exercise training. In addition to the remod-
elling of contractile force-generating myofibrillar proteins, 
new muscle mitochondrial proteins that power muscle ener-
getics also are synthesised in response to exercise [16, 17], 
with clear functional relevance to endurance performance. 
In trained individuals, the response of muscle remodelling 

to endurance exercise is mode specific [18, 19]. Accordingly, 
endurance exercise stimulates the synthesis of mitochondrial 
muscle proteins with minimal acute changes in the synthe-
sis of myofibrillar proteins [18]. Conversely, the increased 
synthesis of myofibrillar proteins and mitochondrial pro-
tein has been reported in response to resistance exercise in 
trained [20] and untrained [18] individuals. Whilst exercise 
represents the most potent stimulus of MPS [21], an abun-
dant supply of essential amino acids (EAA) is necessary 
to switch skeletal muscle from a catabolic state (i.e. where 
MPB > MPS and muscle protein is temporarily being lost) 
to an anabolic state (i.e. where MPS > MPB and muscle 
protein is temporarily being gained). Thus, dietary protein 
plays a crucial role in supplying the amino acid “building 
blocks” necessary to facilitate the repair and remodelling of 
“old” damaged proteins and the de novo synthesis of new 
functional muscle proteins in response to endurance exercise 
[22].

Endurance exercise also results in the oxidation of amino 
acids at levels equivalent to ~ 6% of the total energy cost of 
exercise [23], with the branched-chain amino acids, namely 
isoleucine, leucine and valine, preferentially oxidised over 
other amino acids [24]. Many studies have demonstrated 
that endurance exercise increases the rate of branched-chain 
amino acid oxidation [25–27], as mediated by an increased 
activation of the rate-limiting enzyme branched-chain oxo 
acid dehydrogenase [27]. The breakdown of muscle proteins 
into constituent amino acids serves as a key metabolic driver 
of the exercise-induced increase in amino acid oxidation. In 
this regard, amino acids are either locally deaminated for 
oxidation within the muscle mitochondria as a direct fuel 
source or are subsequently released from skeletal muscle 
and taken up by the liver for gluconeogenesis [28]. Mul-
tiple demographic and exercise/nutrition-related factors, 
including sex, exercise intensity or duration, carbohydrate 
(CHO) availability and habitual protein intake all modulate 
amino acid oxidation rates during exercise [6], meaning a 
context-specific approach to determining the protein needs 
of endurance athletes is necessary. For instance, leucine oxi-
dation rates were higher in men than women during 90-min 
of moderate intensity (65% V̇O

2
max ) cycling [25], albeit 

in the absence of any sex differences in skeletal muscle 
branched-chain oxo acid dehydrogenase content (see dis-
cussion on sex-specific requirements in Sect. 4.1). Moreo-
ver, leucine oxidation rates are increased during exercise 
conducted under conditions of restricted CHO availabil-
ity [29] and when the habitual protein intake is high [30]. 
Hence, given the complex metabolic fate of amino acids 
in response to endurance exercise, establishing the protein 
needs of endurance athletes is important for optimising the 
repair and remodelling of muscle proteins and replacement 
of oxidised amino acids [31].
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3  Defining the Protein Needs of Endurance 
Athletes

The foundation of any discussion around the dietary pro-
tein needs of endurance athletes relates to clearly defin-
ing and distinguishing between the terms of a ‘protein 
requirement’ and a ‘protein recommendation’. The protein 
requirement may be defined as ‘the minimum daily protein 
intake necessary to satisfy the metabolic demands of the 
body which includes the maintenance of body composi-
tion’ [32], and is primarily reliant on whole-body meas-
urements of protein metabolism [33]. In comparison, 
the protein recommendation may be defined as ‘protein 
strategies to optimize performance in athletes by facili-
tating training adaptation and/or accelerating recovery’ 
[34] and is primarily reliant on tissue-specific (primar-
ily skeletal muscle) measurements of muscle metabolism. 
Hence, throughout this review, we use the term ‘protein 

needs’ to delineate between the concepts of a daily protein 
requirement and per meal protein recommendations when 
devising scientific evidence-based protein guidelines for 
the endurance athlete to promote post-exercise recovery, 
enhance the adaptive response to endurance training and 
improve endurance performance.

The topic of protein nutrition is continually evolving 
with growing interest in protein recommendations for 
endurance sports [6]. In this regard, and dependent on a 
training or competition context, protein nutrition before, 
during and after exercise has the potential to enhance 
recovery, promote training adaptations, reduce fatigue 
and optimize endurance performance. According to a 
comprehensive descriptive study of endurance athletes 
from rowing, swimming, ice skating, road cycling, run-
ning and ultra-endurance disciplines that utilised 24-h 
dietary recalls, a habitual protein intake of 1.5 g/kg of 
body mass (BM)−1·day−1 is typical in male and female 

Fig. 1  Proposed mechanisms that underpin the role of protein nutri-
tion in optimising endurance performance by promoting training 
adaptations and enhancing post-exercise recovery. Dietary protein 
intake is suggested to be an important factor in (1) facilitating mus-
cle glycogen resynthesis under conditions of suboptimal carbohydrate 

(CHO) intake, (2) stimulating muscle protein synthesis rates during 
recovery, (3) attenuating post-exercise protein breakdown in catabolic 
states such as energy restriction (e.g. fasted training) and (4) replen-
ishing oxidative amino acid losses during exercise
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endurance athletes [35]. This relatively high protein 
intake was associated with high energy intakes in male 
(~ 12.3 MJ/day) and female (~ 10 MJ/day) endurance ath-
letes [35]. However, protein requirements and protein rec-
ommendations are likely highly individualized, not only 
to an endurance population, but to an individual within 
an elite athlete population. The concept of devising spe-
cific amino acid requirements (particularly the EAA), in 
addition to, or instead of, protein requirements, has also 
received attention [36]. This idea is pertinent given that 
dietary protein sources contain divergent amino acid pro-
files and endurance athletes adopt a range of diet types 
(e.g. omnivore, vegetarian, vegan). Moreover, the concept 
of amino acid requirements is ostensibly based on knowl-
edge that the EAA content of a protein source, rather than 
the gross protein per se, dictates amino acid availability 
and the subsequent metabolic response, with implications 
for human health, training adaptation and endurance per-
formance. However, the detailed discussion of amino acid 
requirements and recommendations is beyond the scope of 
this review. Below, we discuss recent advances in protein 
requirements for endurance athletes, followed by protein 
recommendations for skeletal muscle remodelling, refuel-
ling, training adaptation and performance in the context of 
endurance exercise.

4  Protein Requirements

Nitrogen balance methodology has traditionally been 
deployed to assess protein requirements [33]. However, there 
is long-standing and valid criticism that nitrogen balance 
methodology systematically underestimates the true protein 
requirement, particularly in athletes [37]. Indeed, it is gener-
ally accepted that recommended protein intakes for athletes 
should exceed the current recommended daily allowance 
(RDA) of ~ 0.80 g·kgBM−1·day−1, which is derived from 
nitrogen balance data [2, 38]. Moreover, the practical rel-
evance of maintaining nitrogen balance for athletes aiming 
to optimise training, recovery and performance is generally 
considered somewhat limited [4, 37].

A more contemporary approach to estimating protein 
requirements is the minimally invasive indicator amino acid 
oxidation (IAAO) method [39–41], although inherent meth-
odological limitations are also associated with this technique 
[42]. Utilising stable isotope tracer methodology, the basic 
principle of the IAAO technique relates to determining the 
dietary protein intake that minimizes amino acid oxidation 
(also referred to as oxidative catabolism) and maximizes 
whole-body protein synthesis rates [41]. In practice, one 
of the EAA (typically phenylalanine, lysine or leucine) is 
labelled with a stable isotope (e.g. 13C) and the appearance 
of the 13C label in breath carbon dioxide (i.e. 13CO2) is used 

an indicator of the protein requirement. In the case where 
the chosen EAA is deficient for protein synthesis, all other 
amino acids, including the ‘indicator’ amino acid, cannot 
be directed towards synthesis, and as a result are oxidised 
[41]. Therefore, a greater deficiency of one or more EAA 
would result in higher oxidation of the indicator amino acid, 
and hence a greater protein requirement to maximize protein 
synthesis. Once the dietary requirement is met, the oxidation 
of the indicator amino acid plateaus, and the resulting inflec-
tion or “breakpoint” represents the mean protein requirement 
[40]. In practice, graded intakes of protein are fed to ath-
letes and a breakpoint is defined as representing the protein 
requirement (for technical details, see [39]). Three principal 
limitations are associated with the IAAO technique includ-
ing, but not limited to, (i) the need for multiple experimental 
trials, (ii) a lack of consensus regarding the necessary length 
of adaptation period (5 days or more) prior to IAAO stud-
ies, particularly in athletic populations with high habitual 
protein intakes [43], and (iii) concerns regarding whether 
the amount of indicator amino acid (typically phenylalanine) 
fed during experiments is (a) rate limiting in identifying 
the breakpoint in amino acid oxidation and by extension 
whole-body protein synthesis or (b) an artefact reflecting 
phenylalanine deficiency as opposed to adequacy [42]. 
Regardless, whereas estimates of the protein requirement 
based on nitrogen balance methodology may systematically 
underestimate the minimum protein requirement in athletes 
[44–46], including endurance athletes [47], equally IAAO 
studies may over-estimate the protein requirement. Hence, in 
the context of endurance exercise, there may be more value 
in estimating the relative requirement, (i.e. fold difference 
from rest or untrained states) rather than absolute estimates 
of the protein requirement. Nonetheless, proponents of the 
IAAO technique also cite maximizing whole-body protein 
synthesis rates as a more physiologically relevant measure 
for athletes compared with achieving a nitrogen equilibrium 
as derived from nitrogen balance studies [48]. Hence, IAAO 
studies have received considerable recent attention in terms 
of estimating protein requirements in endurance athletes.

Over the past decade, a series of carefully controlled 
studies, primarily conducted in the laboratory of Dr. Daniel 
Moore and colleagues at The University of Toronto, have 
utilized the IAAO technique to estimate protein require-
ments in endurance athletes [47, 49–51] and have revealed 
important context-specific conclusions (Fig. 2). A consist-
ent finding across IAAO studies is that endurance exer-
cise markedly increases the protein requirement on both 
training [47] and recovery [49, 51] days in comparison to 
estimated protein requirements of 1.2  g·kgBM−1·day−1 
in non-active young men [39], as determined using iden-
tical methods, and also compared with habitual pro-
tein intakes of 1.5 g·kgBM−1·day−1 previously reported 
in endurance athletes [35]. For instance, mean  protein 
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requirements were estimated (using IAAO methodology) 
at 1.83 g·kgBM−1·day−1 on a training day in which endur-
ance-trained men completed a 20-km treadmill run [47], 
which is 2.3-fold greater than the current RDA devised in 
non-athletic adult populations [33] and consistent with the 
notion that protein requirements are increased in response 
to endurance exercise [23]. This elevated protein require-
ment likely reflects the need to replenish the oxidative loss 
of branched-chain amino acids incurred during exercise 
[47, 52, 53] and the need to supply sufficient additional 
amino acids to remodel muscle proteins following high vol-
umes of strenuous exercise training. Daily protein intakes 
of ~1.5 g·kgBM−1·day−1 are generally met on a habitual level 
in endurance athletes [35] by virtue of the higher energy 

demands of endurance training. However, individuals 
habituated to higher protein intakes may require a greater 
relative protein intake to account for an attenuated periph-
eral dietary amino acid appearance and/or enhanced amino 
acid oxidative capacity [54]. Interestingly, the mean protein 
requirement was further elevated to 1.95 g·kgBM−1·day−1 
when endurance-trained men performed a similar endur-
ance exercise bout (10-km treadmill run) under conditions 
of low CHO availability [50], and thus markedly exceeds 
previously reported habitual protein intakes in endurance 
athletes [35]. This finding is consistent with previous obser-
vations of higher amino acid oxidation rates during exercise 
that commenced in a glycogen-depleted state [29, 55], and 
also aligns with work indicating reduced MPS rates during 

Fig. 2  Protein requirements of endurance athletes and team sport 
athletes estimated using the indicator amino acid oxidation (IAAO) 
technique across a variety of applied settings. A IAAO estimate of 
protein requirement based on 13CO2 excretion in endurance-trained 
male individuals (n = 6) immediately following a 20-km treadmill 
run [47]. B IAAO estimate of protein requirement based on 13CO2 
excretion in endurance-trained male individuals (n = 6) 24  h after 
completing a 60- to 90-min run or bike ride [49]. C IAAO estimate 
of protein requirement based on phenylalanine oxidation rates in 
endurance-trained male runners (n = 8) following a 10-km treadmill 
run completed in a carbohydrate-restricted or carbohydrate-fed state 
[50]. D IAAO estimate of protein requirement based on phenylalanine 
oxidation rates in endurance-trained female individuals (n = 7) dur-
ing the mid-luteal phase of their menstrual cycle following a 20-km 
self-paced outside run [65]. E IAAO estimate of protein require-

ment based on 13CO2 excretion in male team-sport athletes (n = 7) 
immediately following a 75-min bout of intermittent exercise [9]. F 
IAAO estimate of protein requirement based on 13CO2 excretion in 
female team-sport athletes during the luteal phase of the menstrual 
cycle (n = 6) immediately following a 75-min bout of intermittent 
exercise [10]. G IAAO estimate of protein requirement based on 
13CO2 excretion in untrained male individuals (n = 8) at rest [39]. BM 
body mass, CI confidence interval, EAR estimated average require-
ment, IAAO indicator amino acid oxidation, RDA recommended daily 
allowance; value inside each bar refers to an habitual protein intake 
(g·kgBM−1·day−1) of the corresponding category of athlete based on 
Gillen et  al. data [35]; estimated %TEI percentage of total energy 
intake derived from protein; dashed line denotes current protein 
RDA (0.8 g·kgBM−1·day−1); dotted line denotes current protein EAR 
(0.62 g·kgBM−1·day−1)
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energy deficit [56, 57] or applied contexts of low energy 
availability [58]. Moreover, and perhaps counter-intuitively, 
recent IAAO studies indicate that the protein requirement 
increases to > 2 g·kgBM−1·  day−1 when measured on a pas-
sive recovery day, i.e. 24 h after endurance exercise [49, 
51]. This observation is likely underpinned by the nutritional 
requirement to supply ample amino acids as substrate to 
repair and remodel damaged proteins on a whole-body level 
during exercise recovery [59]. Nevertheless, from a practical 
standpoint, this discrepancy in estimated protein requirement 
between training and recovery days supports the notion that 
a periodised approach to establishing protein requirements, 
both across and within a training cycle, may be beneficial 
for the endurance athlete. This approach is timely given the 
increased interest in nutritional periodization as a strategy 
to augment exercise-induced adaptations with endurance 
exercise, including training in a fasted state [60–62]. To our 
knowledge, no study to date has estimated protein require-
ments on a rest day during periods of CHO-restricted train-
ing. Finally, it is noteworthy that the metabolic demands of 
different endurance sports can vary, and therefore so too can 
protein requirements of endurance athletes [63].

4.1  Protein Requirements of Female and Master 
Endurance Athletes

A notable gap in the knowledge regarding protein require-
ments for endurance athletes concerns the paucity of stud-
ies conducted exclusively in female athletes [64, 65] and 
masters athletes [66]. To our knowledge, studies conducted 
in female volunteers only are limited to a trio of small-scale 
nitrogen balance studies [25, 67, 68], including a retro-
spective analysis of nitrogen balance studies in endurance-
trained women [68]. Regrettably, this omission reflects 
the distinct under-representation of women in sport and 
exercise medicine research [69]. Notwithstanding, a recent 
IAAO study was conducted in female team-sport athletes 
who engaged in a 75-min variable-intensity (walking, jog-
ging, running and sprinting), intermittent exercise protocol 
designed to simulate team sport activity [10]. The protein 
requirement for female team sport athletes was calculated at 
1.71 g·kgBM−1·day−1, which exceeded the estimated protein 
requirement of 1.40 g·kgBM−1·day−1 calculated in a compa-
rable study of male team sport athletes that completed the 
same exercise protocol [9]. Interestingly, all female partici-
pants completed study trials during the luteal phase of their 
menstrual cycle when protein requirements may be consid-
ered highest [65]. In this regard, high oestrogen levels have 
been shown to decrease amino acid oxidation rates, while 
accelerating lipolysis and increasing fatty acid oxidation dur-
ing endurance exercise [25]. Given that the mid-luteal phase 
is characterised by a low oestrogen:progesterone ratio, amino 
acid oxidation rates were likely elevated during exercise in 

this female cohort. In contrast, the mid-follicular phase is 
characterised by a high oestrogen:progesterone ratio that 
would likely have elicited a protein-sparing effect (in terms 
of amino acid oxidation) during exercise, thereby reducing 
the protein requirement. While the protein requirement of 
female athletes may theoretically be increased during the 
luteal phase of the menstrual cycle [64], experimental evi-
dence is still required to substantiate the practical guideline 
for a periodized approach to protein requirements based on 
menstrual status [70]. Moreover, whereas a seminal study 
utilizing nitrogen balance methodology indicated that pro-
tein requirements (0.94 g·kgBM−1·day−1) are not substan-
tially elevated in middle-aged (~ 57 years) endurance-trained 
men versus untrained men [71], to this end, no study has 
utilized IAAO methodology to determine protein require-
ments in older (aged > 65 years) masters endurance athletes 
[66] and this warrants future investigation.

5  Protein Recommendations

Optimizing competition performance is fundamental to 
all sub-disciplines of sport nutrition, including protein 
recommendations. The idea that protein ingestion during 
prolonged exercise may improve endurance performance 
essentially stemmed from two experimental studies that 
were conducted in trained cyclists [72, 73]. Both stud-
ies concluded that ingesting a typical 7% CHO-based 
sports drink (26 g of CHO) with the addition of a modest 
6.5 g dose of protein during exercise resulted in a ~ 30% 
improvement in endurance capacity compared with ingest-
ing the CHO-containing sports drink alone [72, 73]. How-
ever, three key methodological considerations limit the 
practical application of these findings to elite endurance 
athletes. First, the CHO content of the sports drink was 
suboptimal for endurance performance. Second, nutri-
tional conditions were not matched for energy content, 
and it was hence not possible to delineate between the 
effect of protein per se or additional energy provided 
by the protein. Indeed, when energy-matched CHO and 
CHO plus protein drinks were ingested at 30-min inter-
vals during 4  h of recovery from a 90-min treadmill 
run, no differences in endurance capacity were observed 
between conditions in trained runners [74]. Finally, the 
exercise time to fatigue test measures endurance capac-
ity rather than endurance performance. Accordingly, two 
follow-up studies addressed these issues and concluded 
that when trained athletes ingested a sports drink during 
exercise at a rate considered optimal for CHO delivery, 
protein elicited no additional performance benefit during 
a validated time trial measurement of endurance perfor-
mance [75, 76]. Hence, the general consensus exists that 
co-ingesting protein with CHO during exercise does not 
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improve endurance performance compared with CHO 
ingestion alone, at least when conditions were matched 
for energy content and the exercise stimulus was prolonged 
(i.e. 60–120 min) rather than ultra-endurance (5 h plus) in 
nature [77]. Follow-up studies are warranted to investigate 
the ergogenic potential of co-ingesting protein with CHO 
on ultra-endurance performance [78, 79], given previous 
observations of improvements in protein balance with 
protein plus CHO ingestion during a 6 h bout of exercise 
[13]. Nonetheless, this lack of effect of protein ingestion 
during prolonged exercise on endurance performance may 
explain, at least in part, the relative dearth of information 
historically available regarding protein recommendations 
for endurance athletes compared with strength or power-
based athletes. Notwithstanding, more recent attention has 
focussed on protein recommendations for endurance ath-
letes in the context of facilitating post-exercise recovery 
and promoting training adaptations. Below, we discuss 
recent advances in (i) protein recommendations based on 
the fraction-specific response of MPS to ingested protein 
during recovery from endurance exercise and concurrent 
exercise (Sects. 5.1 and 5.2); (ii) protein recommendations 
during CHO-restricted endurance training (Sect. 5.3) and 
(iii) protein recommendations to optimize glycogen resto-
ration during post-exercise recovery (Sect. 5.4) [Fig. 1].

5.1  Protein Ingestion and the Response of Muscle 
Protein Synthesis to Endurance Exercise

A limited number of studies have measured the acute 
response of MPS to protein ingestion and endurance exercise 
in comparison to equivalent studies that utilized a resistance 
exercise model. Early studies consistently demonstrated that 
protein ingestion during an acute bout of endurance exer-
cise failed to augment MPS during continuous endurance 
exercise in trained male cyclists [22, 80], while the exer-
cise-induced increase in MPB was attenuated with protein 
ingestion [22]. In contrast, protein ingestion during and/or 
at immediate cessation of exercise was shown to stimulate 
MPS [22, 81–85] and net muscle protein balance [13, 81] 
over the post-exercise recovery period. An intuitive explana-
tion for this discrepant observation relates to the energeti-
cally expensive nature of MPS as a physiological process, 
which requires ~ 4 mol of ATP to attach (via polypeptide 
bonds) amino acids during the elongation phase of MPS 
[86]. This means that other metabolic processes, includ-
ing the oxidative phosphorylation of glucose and lipids as 
primary substrates for ATP resynthesis, were likely pri-
oritized over other metabolic processes (i.e. activation of 
downstream mTORC1 cell signalling pathways) involved 
in stimulating MPS during prolonged exercise when the 
energy status of the cell is low, as indicated by an increased 
activation of AMP-activated protein kinase (AMPK) during 

endurance exercise [57]. Conversely, as energy availability is 
restored during the post-exercise recovery period, MPS was 
stimulated in the presence of an abundant supply of amino 
acids with protein ingestion. Interestingly, a very high 
(3.6 g·kgBM−1·day−1) habitual protein intake was shown to 
suppress MPS under fasting conditions during endurance 
exercise recovery compared with moderate (at the RDA, 
0.8 g·kgBM−1·day−1) or high (1.8 g·kgBM−1·day−1) habitual 
protein intakes in trained runners [87]. Hence, these early 
studies offered a useful insight into the efficacy of protein 
ingestion to stimulate MPS rates during endurance exercise 
recovery, which may be particularly relevant to endurance 
athletes who habitually consume a high-protein diet.

Experimental studies that measured the response of 
mixed MPS to protein ingestion and endurance exercise 
have indisputably offered valuable information into devis-
ing evidence-based protein recommendations for endurance 
athletes. However, owing to methodological challenges asso-
ciated with measuring mitochondrial MPS rates in humans 
at this time [88], it could be argued that measurements of 
mixed MPS (i.e. the aggregate fractional synthetic rates 
of myofibrillar, mitochondrial and sarcoplasmic proteins) 
lacked specificity with regard to understanding exercise 
mode-specific adaptive changes in muscle, and in particu-
lar, mitochondrial protein remodelling in response to endur-
ance exercise. To fill this gap in the knowledge, and taking 
advantage of timely advances in methodology, we [7] and 
others [8] have conducted studies to investigate the effect 
of protein ingestion with or without CHO on mitochondrial 
and myofibrillar MPS rates following endurance exercise in 
trained young male individuals [7]. We assigned volunteers 
to a protein (20 g of whey) plus CHO (50 g of glucose) 
condition, or a CHO-only (50 g) condition, with two drinks 
ingested immediately and 30-min following a prolonged (90-
min) bout of intense (75% V̇O

2
max ) cycling. No effect of 

protein ingestion on mitochondrial MPS was observed dur-
ing the 4 h recovery period between conditions, whereas pro-
tein ingestion increased the stimulation of myofibrillar MPS 
during acute recovery from endurance exercise. A similar 
finding was reported within an interval training setting [89] 
whereby myofibrillar, but not mitochondrial protein syn-
thesis, increased in response to nutrient provision, includ-
ing protein, during exercise recovery. Taken together, and 
perhaps counter-intuitively, these data indicate that protein 
ingestion within the context of endurance exercise targets 
the synthesis of force-generating contractile muscle proteins 
over muscle proteins responsible for energy production.

The practical implications of increased myofibrillar MPS 
rates during acute recovery from endurance exercise with 
protein ingestion warrant consideration. Whereas muscle 
hypertrophy and/or the maintenance of structural integ-
rity in skeletal muscle tissue may be physiologically rel-
evant to sprint cyclists, it is possible that increased rates of 
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myofibrillar MPS were preferentially directed towards the 
repair of old damaged myofibrillar proteins into their con-
stituent amino acids [90], and the subsequent efflux of amino 
acids from skeletal muscle for oxidation during endurance 
exercise [29] rather than a muscle hypertrophic response 
[91, 92]. Hence, it has been speculated that the metabolic 
fate of ingested protein following exercise may be dispropor-
tionately directed towards replenishing the exercise-induced 
breakdown of myofibrillar proteins rather than mitochon-
drial proteins [63]. However, given that trained cyclists 
rather than untrained individuals were recruited in this study 
[7], and thus muscle damage was likely limited, the fate of 
ingested protein was unlikely related to the repair of dam-
aged contractile muscle proteins. Moreover, it is conceiv-
able that myofibrillar MPS was fibre type dependent and 
specific to myosin heavy chain type I muscle fibres rather 
than larger, more explosive type II fibres [93, 94]. Unfortu-
nately, few studies have measured MPS at a fibre-specific 
level [29, 63, 90]. Nevertheless, clearly, the remodelling of 
non-mitochondrial (e.g. myofibrillar) proteins is considered 
important for optimal endurance performance.

Another methodological consideration (reviewed in [95]) 
may explain the lack of change in the response of mitochon-
drial MPS rates observed in our previous study [7], despite 
an increased stimulation of myofibrillar MPS with protein 
ingestion [96–98]. It is conceivable that the protein dose 
ingested in this study [7] was not sufficient to stimulate an 
increase in, or maximal response of, mitochondrial MPS 
during endurance exercise recovery. Accordingly, a recent 
dose–response study conducted within an endurance exer-
cise setting revealed a greater incorporation of dietary pro-
tein-derived amino acids into de novo mitochondrial pro-
teins following the co-ingestion of CHO (45 g dextrose plus 
maltodextrin) with 45 g versus 30 g of milk protein, meas-
ured over an extended 6 h recovery period in trained cyclists 
and triathletes [8]. Indeed, when normalised to body mass, 
the maximally effective protein dose for the stimulation of 
myofibrillar MPS following endurance exercise was calcu-
lated, based on this single study, at 0.49 g·kgBM−1 (95% 
confidence interval 0.26–0.72) [8], which actually exceeds 
the equivalent relative protein dose of ~ 0.24 g·kgBM−1 
(95% confidence interval 0.18–0.30) following resistance 
exercise [99], although this comparison may be depend-
ent on the duration over which MPS is measured [100]. 
Moreover, a 45 g casein protein bolus prior to sleep was 
shown to increase mitochondrial MPS rates during a 7 h 
overnight recovery period following endurance exercise in 
healthy young men [101]. Hence, it is conceivable that the 
20 g dose of whey protein administered in our study [7] may 
have been insufficient to stimulate an increased response of 
mitochondrial MPS. Future work is warranted to determine 
the optimal protein dose for maximal stimulation of mito-
chondrial MPS during endurance exercise recovery [8], with 

a view to conducting an additional breakpoint analysis to 
inform relative per meal protein dose recommendations in 
endurance athletes.

5.2  Protein Ingestion and Muscle Protein Synthesis 
During Concurrent Exercise Recovery

Concurrent training represents an adjunctive exercise modal-
ity commonly practiced by endurance athletes, whereby both 
resistance exercise and endurance exercise sessions are per-
formed either as a single ‘hybrid’ training session or as a 
split routine between separate sessions during the same day. 
An acute bout of concurrent exercise has been shown to 
stimulate both mitochondrial and myofibrillar MPS during 
exercise recovery [11]. Accordingly, several acute metabolic 
studies have examined the efficacy of protein ingestion to 
potentiate the response of MPS to concurrent exercise [102] 
and revealed three key findings. First, and consistent with 
studies that utilized an endurance-only exercise model [7, 
8], protein ingestion has unequivocally been shown to stimu-
late an increased response of mixed [80] and myofibrillar 
MPS [12, 103–105], but not mitochondrial MPS [12, 104, 
105], during acute recovery from a single bout of concurrent 
exercise. This observation further supports the notion that 
the stimulation of mitochondrial MPS is disassociated from 
the requirement of exogenous amino acids to support mus-
cle remodelling [63]. Again, the moderate dose (20–25 g) 
of protein ingested following concurrent exercise in these 
studies [12, 104, 105] may explain the failure of studies to 
detect an increase in mitochondrial MPS, given the recent 
observation that larger (30–45 g or higher) protein doses 
are required to stimulate mitochondrial MPS rates during 
endurance exercise recovery [8]. Second, substantial hetero-
geneity across studies appears to exist regarding the mag-
nitude of myofibrillar MPS response to protein ingestion 
following concurrent exercise. For instance, whereas Cam-
era et al. reported a 70% increase in myofibrillar MPS after 
protein ingestion during concurrent exercise recovery com-
pared with placebo [12], Churchward-Venne et al. reported 
a 16% increase in myofibrillar MPS after protein ingestion 
[104]. Methodological differences between studies, includ-
ing (i) participant age, sex and training status, (ii) the dose 
of ingested protein and (iii) study duration, likely explain 
these large individual variations in MPS response to protein 
ingestion and concurrent exercise. Finally, two recent studies 
observed no differences in the myofibrillar MPS response 
to 20 g of ingested milk protein, whey, micellar casein or 
leucine-enriched soy protein during acute recovery from 
concurrent exercise [104, 105]. Hence, the existing evidence 
suggests that protein ingestion, irrespective of source pro-
vided, represents an effective strategy to potentiate myofi-
brillar MPS rates in response to concurrent exercise [102].
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5.3  Protein Ingestion for CHO‑Restricted Exercise: 
Implications for Endurance Training Adaptation

Another recent advance in understanding protein recommen-
dations for endurance athletes relates to optimizing meta-
bolic adaptation(s) to CHO-restricted training. A periodized 
approach to CHO nutrition whereby selected training ses-
sions are deliberately completed with reduced CHO avail-
ability is widely regarded as a potential strategy to augment 
training adaptations in endurance athletes, albeit at a conse-
quence of reduced training quality for higher intensity train-
ing sessions [106]. On a mechanistic level, CHO availability 
(i.e. endogenous glycogen or exogenous CHO) modulates 
key molecular signalling pathways that underpin metabolic 
adaptations to endurance training [107–109]. Hence, endur-
ance exercise commenced in a state of low CHO availabil-
ity (i.e. glycogen depleted or in the fasted state) has been 
shown to augment the acute molecular signalling response 
via activation of the AMPK-peroxisome proliferator-acti-
vated receptor-gamma coactivator-1 alpha signalling cascade 
that coordinates the transcription of new mitochondrial pro-
teins associated with the endurance phenotype [107, 108]. 
Moreover, several studies have demonstrated that repeated 
exposures to low CHO availability training over a 3- to 
10-week period enhanced the activity and/or content of pro-
teins involved in oxidative metabolism (e.g. citrate synthase, 
β-HAD, succinate dehydrogenase, COXIV) and, in some 
cases, translate to improvements in exercise performance 
[110–113]. While these findings provide experimental evi-
dence to support the practical application of the ‘train low’ 
(muscle glycogen) paradigm for endurance athletes, recent 
scientific interest has focussed on how the protein needs of 
endurance athletes should be modified during periods of 
CHO-restricted endurance training.

The metabolic basis for modifying the protein needs of 
endurance athletes during CHO-restricted training is under-
pinned by two key changes in amino acid metabolism dur-
ing endurance exercise. In this regard, early reports of a net 
release of amino acids [55, 114] and marked increase in 
urea production [115] during an acute bout of prolonged 
exercise under conditions of low CHO availability were 
indicative of an increase in rates of MPB and a concomi-
tant increase in the contribution of amino acid oxidation to 
energy expenditure [55, 114]. Accordingly, and as detailed 
in Sect. 4, a recent IAAO study concluded that endurance 
training with low CHO availability increased the estimated 
protein requirement in endurance athletes [50], albeit by 
a modest margin of 0.12 g⋅kgBM−1⋅day−1. However, this 
elevated protein requirement may be considered somewhat 
conservative given that, like other studies [12, 106], the 
study protocol consisted of a single 10-km run [50] and thus 
is not representative of longer-term endurance training or 
indeed extended competition. Although leucine oxidation 

rates during exercise have been shown to be only partially 
influenced by energy demands [116], we contend that pro-
tein requirements are likely further elevated (i.e. in excess 
of 0.12 g⋅kgBM−1⋅day−1) in endurance athletes complet-
ing high training volumes (equivalent to a training camp 
scenario) that include multiple exercise sessions performed 
under conditions of low CHO availability.

Preliminary evidence exists that CHO-restricted training 
increases daily protein requirements due, at least in part, to 
an increased response of MPB and oxidation of amino acids 
(e.g. increase in leucine oxidation and increase in alanine 
oxidation as a gluconeogenic precursor) during and imme-
diately post-exercise [50]. Thus, it is intuitive that ingest-
ing a protein or an amino acid source before, during and/
or immediately after low CHO availability training may 
provide a practical strategy to achieve a net protein balance 
whilst allowing for the enhanced cell signalling responses 
that underpin augmented muscle adaptation(s) to endurance 
training. Accordingly, Taylor et al. demonstrated that ingest-
ing a casein hydrolysate beverage before (20 g) and during 
(10 g) 45 min of steady-state cycling with low muscle gly-
cogen did not impair the activation of the AMPK-perox-
isome proliferator-activated receptor-gamma coactivator-1 
alpha signalling cascade that mediates the augmented train-
ing response associated with low CHO availability [117]. 
Moreover, Impey et al. demonstrated that ingesting 22 g 
of whey protein before and during 120-min of steady-state 
cycling in the ‘fasted’ state did not alter rates of whole-body 
lipid oxidation or plasma non-esterified fatty acid or glycerol 
responses during exercise [118]. Given the potential for fatty 
acid availability to act as a signalling molecule involved in 
the regulation of the endurance phenotype [119], these data 
further support the notion that moderate protein ingestion 
before and/or during CHO-restricted training does not seem 
to interfere with the augmented cell signalling response dur-
ing exercise. Regarding the potential for protein ingestion 
to attenuate increased rates of MPB under conditions of 
low CHO availability, recent work revealed that ingesting 
a 0.5 g·kgBM−1 bolus of whey protein hydrolysate prior to 
90-min of steady-state cycling did not enhance net protein 
balance in non-exercising (forearm) muscle or augment pro-
tein synthesis in the exercising muscle [120]. Whilst inter-
esting, a limitation of this study is that direct measurements 
of MPB and/or net protein balance in the exercising muscle 
were not measured, which limit our ability to interpret these 
data accordingly to contribute to our understanding of pro-
tein requirements for endurance athletes during low CHO 
availability. Nonetheless, preliminary experimental evidence 
exists with regard to advocating protein ingestion in close 
temporal proximity to endurance exercise conducted in a 
CHO-restricted state, and increasing the protein intake to 
at least 1.8 g·kgBM−1·day−1. Further work should focus on 
understanding the optimal doses of protein to ingest in close 
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temporal proximity to exercise, alongside careful considera-
tion of how protein is prescribed for endurance athletes in a 
low CHO/energy deficient state (e.g. protein source/quality, 
type, frequent feeding/distribution pattern) to support opti-
mal adaptation, recovery and/or performance.

5.4  Protein Ingestion to Enhance Tolerance 
to Intensified Training

Another practical application of protein nutrition for endur-
ance athletes relates to improving tolerance to intensified 
periods of training, particularly when CHO intake is sub-
optimal. The impact of protein ingestion on performance 
and health-related outcomes within a training setting was 
initially studied in an occupational military context with 
a cohort of US Marine recruits who typically operate in 
a state of low energy availability [121]. This field-based 
study reported a substantial (~ 30%) reduction in the total 
number of medical visits due to bacterial or viral infections, 
muscle or joint problems, and heat exhaustion in military 
personnel who were assigned to ingest a 10 g protein sup-
plement versus a CHO control supplement immediately after 
each training session during a 54-day basic military train-
ing camp. Moreover, subjective ratings of muscle soreness 
post-exercise were lower in the protein supplementation 
group on days 34 and 54 of the training camp. In a series of 
logical follow-up studies, and directly relevant to endurance 
athletes, we [122] and others [123] have reported the bet-
ter maintenance of endurance performance (as determined 
by time trial or repeated sprint performance) following a 
4- to 7-day block of intensified training when the dietary 
protein intake was increased up to 3 g·kgBM−1·day−1 in 
trained male cyclists. As a note of caution from a practi-
cal perspective, background CHO intakes ranged from 6 to 
8 g·kgBM−1·day−1 in these studies, which may be consid-
ered suboptimal [122, 123] given the intense nature of the 
endurance training period. Moreover, these improvements 
in endurance performance with an increased protein intake 
were accompanied by favourable changes in creatine kinase 
levels (as a putative marker of muscle damage) [123], psy-
chological symptoms of stress [122] and immune status 
[124] during intensified training, although metabolic meas-
urements of oxidative stress, inflammation and endocrine 
status were not affected by the manipulation of the dietary 
protein intake [122, 123]. Taken together, these preliminary 
data indicate a potential role for protein nutrition under con-
ditions of suboptimal CHO intake in improving tolerance to 
intensified periods of training, as mediated by a combination 
of psycho-physiological and/or immunological mechanisms. 
Although beyond the scope of this review, some athletes 
may also prefer to use protein as a means of leveraging a 
sustainable low-energy diet given the satiating and thermo-
genic effects of protein over CHO or fat, and the beneficial 

effects of a high-protein hypo-energetic diet in optimising 
body composition [125, 126], which might be considered 
particularly important for some endurance sports (e.g. road 
cycling) whereby maximizing power-to-body weight ratio 
is essential for performance. However, if the energy deficit 
is sufficiently large (i.e. > 30%), the dietary protein intake 
may have limited potential to mitigate lean mass loss [56]. 
An additional concern with high-protein low-energy diets 
is the trade-off with other nutrients, particularly if CHO is 
limiting for performance, and this notion warrants consid-
eration when devising nutritional strategies according to an 
athlete’s training objectives.

5.5  Protein Ingestion for Glycogen Restoration: 
Implications for Post‑Exercise Refuelling

Carbohydrate serves as the primary fuel source during 
both prolonged and high-intensity (intermittent) endurance 
exercise [127], resulting in the progressive depletion of 
endogenous CHO stores (muscle and liver glycogen) dur-
ing exercise. Given that endogenous CHO stores are typi-
cally limited to 400–600 g of glycogen, the restoration of 
muscle and liver glycogen is regarded as a primary deter-
minant of recovery between successive exercise bouts and 
subsequent exercise capacity [128, 129]. Under conditions 
of adequate CHO intake, muscle glycogen can typically be 
restored within 24 h post-exercise [130]. However, for those 
athletes afforded limited time between exercise bouts, such 
as those competing in Grand Tours or multi-day tournaments 
or events, the rapid repletion of endogenous CHO stores is 
recognised as a key performance priority that requires tar-
geted nutritional intervention.

Whilst CHO provides the primary substrate for replen-
ishing muscle and liver glycogen stores, the co-ingestion of 
protein (and/or free amino acids) is recognized as a poten-
tial strategy to augment glycogen resynthesis rates during 
exercise recovery. Interestingly, the post-prandial blood 
glucose response to the combined ingestion of CHO and 
protein is markedly reduced during the post-exercise recov-
ery period compared with the ingestion of CHO alone [131, 
132]. Nonetheless, the increased insulin response with the 
co-ingestion of protein with CHO is proposed to increase 
glucose uptake into skeletal muscle and provide glucogenic 
amino acids for liver glycogen synthesis [133]. Studies 
have shown that co-ingesting protein with CHO augments 
muscle glycogen resynthesis under conditions when CHO 
is ingested at a suboptimal rate (i.e. ~ 0.8 g·kgBM−1·h−1) 
[134, 135]. In this context, the addition of protein and sub-
sequent elevation in the insulin response appears to com-
pensate for the lower amount of CHO ingested, given that 
rates of glycogen resynthesis have been shown to plateau at 
CHO intakes of 1.2 g·kgBM−1·h−1 (i.e. if the endurance ath-
lete was to co-ingest protein with a suboptimal CHO dose, 
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glycogen resynthesis is comparable to consuming optimal 
doses, e.g. 1.2 g·kgBM−1·h−1) [131]. In contrast, when ade-
quate amounts of CHO are ingested (i.e. 1.2 g·kgBM−1·h−1), 
the co-ingestion of protein with CHO elicits no additional 
increase in muscle glycogen resynthesis during the acute 
post-exercise recovery period [128]. Hence, taken together, 
these data suggest that the addition of protein to suboptimal 
CHO intake may provide a practical strategy for athletes 
who present with a reduced appetite (thus reduced overall 
energy intake) and/or a reduced tolerance to a high CHO 
intake in the immediate post-exercise period.

The increased insulin response to co-ingesting protein 
with CHO may also play an important role in replenishing 
liver glycogen stores by promoting hepatic glucose storage 
[136] and providing glucogenic amino acids that can be 
used as precursors for glycogen synthesis [137]. To date, 
only one study has investigated the effect of co-ingesting 
protein with CHO on liver glycogen resynthesis following 
endurance exercise [138]. Despite markedly higher insu-
lin levels during the post-prandial period, the addition of 
protein to a suboptimal CHO intake (0.8 g·kgBM−1·h−1) 
failed to augment liver glycogen synthesis when compared 
to a high CHO intake of 1.2 g·kgBM−1·h−1. To this end, 
no experimental study has measured liver glycogen resyn-
thesis rates in response to co-ingesting protein with CHO 
under conditions of an optimal CHO intake. Moreover, 
from a practical standpoint it remains unknown whether 
the ingestion of a single bolus of protein to stimulate MPS 
also serves to elicit an insulin response of sufficient magni-
tude and duration to optimize muscle and/or liver glycogen 
resynthesis rates when compared to the repeated doses that 
have been used in previous studies (i.e. repeated protein 
feeding at 30-min intervals) [131, 139]. This gap in the 
knowledge is particularly relevant to endurance athletes 
given that a protein source is typically ingested within the 

initial phase of muscle glycogen repletion, which occurs 
independently of a rise in insulin levels [140].

6  Conclusions

The purpose of this review was to provide an evidence-
based update, with a focus on metabolic studies, on the 
protein needs of endurance athletes to facilitate the remod-
elling of mitochondrial and myofibrillar skeletal muscle 
proteins, accelerate the restoration of glycogen stores dur-
ing post-exercise recovery, promote training adaptation(s) 
and improve endurance exercise performance. Table 1 
provides a summary of practical guidelines regarding 
evidence-based protein requirements and protein recom-
mendations for endurance athletes. In addition, we have 
proposed some priority research directions and experimen-
tal considerations when critically appraising the protein 
needs of endurance athletes. Recent advances in scientific 
knowledge mean that protein requirements and protein 
recommendations for endurance athletes can, and should, 
be more personalized (i.e. age, sex, body weight, habitual 
protein intake), context specific (i.e. exercise intensity/
duration, time period between subsequent exercise bouts) 
and periodised (i.e. training in a state of CHO restriction 
of low energy availability). Future studies are required to 
understand the optimal daily distribution of protein intake, 
particularly in close proximity to exercise, with regard to 
maximizing mitochondrial MPS rates during endurance 
exercise recovery. Whilst protein ingestion may improve 
recovery from endurance exercise, particularly during sce-
narios of CHO restriction by augmenting rates of muscle 
glycogen restoration, it is pertinent to reiterate that CHO 
remains ‘king’ in terms of promoting muscle glycogen 
restoration and overall endurance performance.

Table 1  Summary of context-specific protein requirements and recommendations for endurance athletes

BM body mass, CHO carbohydrate, MPB muscle protein breakdown

Protein requirements
1. Endurance-trained men and women should target a dietary protein intake of 1.80 g·kgBM−1·day−1 on standard training days. Female individu-

als in the luteal phase of their menstrual cycle may consider increasing protein intakes to 1.90 g·kgBM−1·day−1

2. Endurance athletes should target a dietary protein intake of 2.0 g·kgBM−1·day−1 on recovery days
3. Endurance athletes should target a dietary protein intake of 1.95 g·kgBM−1·day−1 on training days conducted with low CHO availability
Protein recommendations
1. Endurance athletes should target a protein feed of 0.5 g·kgBM−1 during immediate post-exercise recovery to facilitate the remodelling of 

contractile muscle proteins damaged in response to exercise
2. Endurance athletes should ingest a moderate (~ 10–20 g) dose of protein before and during prolonged exercise training sessions conducted in 

a state of low CHO availability to mitigate the exercise-induced increase MPB without impacting the muscle adaptive response to glycogen-
depleted training

3. Endurance athletes that do not tolerate optimal (1.2 g·kgBM−1·h−1) CHO intakes during the immediate post-exercise recovery period should 
target a protein intake of 0.4 g·kgBM−1 to facilitate the resynthesis of muscle glycogen



 O. C. Witard et al.

Acknowledgements The authors Dr. Asli Lanpir for her critique of 
the manuscript and contributions in editing Fig. 2. The authors also 
acknowledge the excellent work of other authors in the field who were 
not cited in this review in the interests of brevity.

Declarations 

Funding This research received no specific grant from any funding 
agency, commercial or not-for-profit sectors.

Conflict of interest Mark Hearris receives research funding pertaining 
to the use of carbohydrate and protein supplementation for endurance 
performance from Science in Sport PLC. Oliver C. Witard and Paul 
T. Morgan have no conflicts of interest that are directly relevant to the 
content of this article.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Availability of data and material Not applicable.

Code availability Not applicable.

Author contributions All authors contributed to the writing/content 
of the manuscript. All authors edited and approved the final version of 
the manuscript and agree to be accountable for all aspects of the work.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

 1. Burke LM, Castell LM, Casa DJ, Close GL, Costa RJS, Desbrow 
B, et al. International Association of Athletics Federations con-
sensus statement 2019: nutrition for athletics. Int J Sport Nutr 
Exerc Metab. 2019;29(2):73–84.

 2. Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, 
Henselmans M, Helms E, et al. A systematic review, meta-anal-
ysis and meta-regression of the effect of protein supplementation 
on resistance training-induced gains in muscle mass and strength 
in healthy adults. Br J Sports Med. 2018;52(6):376–84.

 3. Trommelen J, Betz MW, van Loon LJC. The muscle protein 
synthetic response to meal ingestion following resistance-type 
exercise. Sports Med. 2019;49(2):185–97.

 4. Phillips SM, Moore DR, Tang JE. A critical examination of 
dietary protein requirements, benefits, and excesses in athletes. 
Int J Sport Nutr Exerc Metab. 2007;17(Suppl.):58–76.

 5. Tipton KD. Protein for adaptations to exercise training. Eur J 
Sport Sci. 2008;8(2):107–18.

 6. Moore DR, Camera DM, Areta JL, Hawley JA. Beyond muscle 
hypertrophy: why dietary protein is important for endurance 
athletes. Appl Physiol Nutr Metab. 2014;39:987–97.

 7. Breen L, Philp A, Witard OC, Jackman SR, Selby A, Smith K, 
et al. The influence of carbohydrate-protein co-ingestion fol-
lowing endurance exercise on myofibrillar and mitochondrial 
protein synthesis. J Physiol (Lond). 2011;589:4011–25.

 8. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Betz MW, 
Senden JM, Goessens JPB, et al. Dose-response effects of die-
tary protein on muscle protein synthesis during recovery from 
endurance exercise in young men: a double-blind randomized 
trial. Am J Clin Nutr. 2020;112(2):303–17.

 9. Packer JE, Wooding DJ, Kato H, Courtney-Martin G, Pencharz 
PB, Moore DR. Variable-intensity simulated team-sport exer-
cise increases daily protein requirements in active males. Front 
Nutr. 2017;4:64.

 10. Wooding DJ, Packer JE, Kato H, West DWD, Courtney-Martin 
G, Pencharz PB, et al. Increased protein requirements in female 
athletes after variable-intensity exercise. Med Sci Sports 
Exerc. 2017;49(11):2297–304.

 11. Donges CE, Burd NA, Duffield R, Smith GC, West DWD, 
Short MJ, et al. Concurrent resistance and aerobic exercise 
stimulates both myofibrillar and mitochondrial protein syn-
thesis in sedentary middle-aged men. J Appl Physiol (1985). 
2012;112(12):1992–2001.

 12. Camera DM, West DWD, Phillips SM, Rerecich T, Stellingw-
erff T, Hawley JA, et al. Protein ingestion increases myofibril-
lar protein synthesis after concurrent exercise. Med Sci Sports 
Exerc. 2015;47(1):82–91.

 13. Koopman R, Pannemans DL, Jeukendrup AE, Gijsen AP, 
Senden JM, Halliday D, Saris, et al. Combined ingestion of 
protein and carbohydrate improves protein balance during 
ultra-endurance exercise. Am J Physiol Endocrinol Metab. 
2004;287:E712-720.

 14. Harber MP, Konopka AR, Jemiolo B, Trappe SW, Trappe TA, 
Reidy PT. Muscle protein synthesis and gene expression during 
recovery from aerobic exercise in the fasted and fed states. Am 
J Physiol Regul Integr Comp Physiol. 2010;299(5):1254.

 15. Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. Mixed 
muscle protein synthesis and breakdown after resistance exercise 
in humans. Am J Physiol. 1997;27:399.

 16. Tipton K. Measuring synthesis rates of different proteins: clues 
to training adaptations. J Physiol. 2009;587(Pt 4):721.

 17. Atherton PJ, Smith K. Muscle protein synthesis in response to 
nutrition and exercise. J Physiol. 2012;590(5):1049–57.

 18. Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski 
KE, Tarnopolsky MA, et al. Differential effects of resistance and 
endurance exercise in the fed state on signalling molecule phos-
phorylation and protein synthesis in human muscle. J Physiol 
(Lond). 2008;586:3701–17.

 19. Moore DR, Tang JE, Burd NA, Rerecich T, Tarnopolsky MA, 
Phillips SM. Differential stimulation of myofibrillar and sarco-
plasmic protein synthesis with protein ingestion at rest and after 
resistance exercise. J Physiol (Lond). 2009;587:897–904.

 20. Burd NA, Andrews RJ, West DW, Little JP, Cochran AJ, Hector 
AJ, et al. Muscle time under tension during resistance exercise 
stimulates differential muscle protein sub-fractional synthetic 
responses in men. J Physiol (Lond). 2012;590:351–62.

 21. McGlory C, Devries MC, Phillips SM. Skeletal muscle and 
resistance exercise training; the role of protein synthesis in recov-
ery and remodeling. J Appl Physiol (1985). 2017;122(3):541–8.

 22. Hulston CJ, Wolsk E, Grondahl TS, Yfanti C, Van Hall G. Protein 
intake does not increase vastus lateralis muscle protein synthesis 
during cycling. Med Sci Sports Exerc. 2011;43(9):1635–42.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Protein Recommendations for Endurance Sports

 23. Tarnopolsky M. Protein requirements for endurance athletes. 
Nutrition. 2004;20:662–8.

 24. Boyer B, Odessey R. Kinetic characterization of branched 
chain ketoacid dehydrogenase. Arch Biochem Biophys. 
1991;285(1):1–7.

 25. Phillips SM, Atkinson SA, Tarnopolsky MA, MacDougall JD. 
Gender differences in leucine kinetics and nitrogen balance in 
endurance athletes. J Appl Physiol (1985). 1993;75(5):2134–41.

 26. Lamont LS, Patel DG, Kalhan SC. Leucine kinetics in endurance-
trained humans. J Appl Physiol (1985). 1990;69(1):1–6.

 27. McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ, 
Tarnopolsky MA. Endurance exercise training attenuates leucine 
oxidation and BCOAD activation during exercise in humans. Am 
J Physiol Endocrinol Metab. 2000;278:E580–7.

 28. Rennie MJ, Bohe J, Smith K, Wackerhage H, Greenhaff P. 
Branched-chain amino acids as fuels and anabolic signals in 
human muscle. J Nutr. 2006;136:264S-S268.

 29. Howarth KR, Phillips SM, MacDonald MJ, Richards D, Moreau 
NA, Gibala MJ. Effect of glycogen availability on human skeletal 
muscle protein turnover during exercise and recovery. J Appl 
Physiol (1985). 2010;109(2):431–8.

 30. Bowtell JL, Leese GP, Smith K, Watt PW, Nevill A, Rooyackers 
O, et al. Effect of oral glucose on leucine turnover in human sub-
jects at rest and during exercise at two levels of dietary protein. 
J Physiol. 2000;525(Pt 1):271–81.

 31. Gibala MJ. Protein metabolism and endurance exercise. Sports 
Med. 2007;37(4–5):337–40.

 32. Millward DJ. Protein and amino acid requirements of adults: 
current controversies. Can J Appl Physiol. 2001;26(Suppl.):130.

 33. Rand WM, Pellett PL, Young VR. Meta-analysis of nitrogen 
balance studies for estimating protein requirements in healthy 
adults. Am J Clin Nutr. 2003;77:109–27.

 34. Tipton KD, Wolfe RR. Protein and amino acids for athletes. J 
Sports Sci. 2004;22:65–79.

 35. Gillen JB, Trommelen J, Wardenaar FC, Brinkmans NYJ, Ver-
steegen JJ, Jonvik KL, et al. Dietary protein intake and distri-
bution patterns of well-trained Dutch athletes. Int J Sport Nutr 
Exerc Metab. 2017;27(2):105–14.

 36. Rodriguez NR, Miller SL. Effective translation of current dietary 
guidance: understanding and communicating the concepts of 
minimal and optimal levels of dietary protein. Am J Clin Nutr. 
2015;101(6):1353S-S1358.

 37. Tipton KD, Witard OC. Protein requirements and recommenda-
tions for athletes: relevance of ivory tower arguments for practi-
cal recommendations. Clin Sports Med. 2007;26:17–36.

 38. Witard OC, Garthe I, Phillips SM. Dietary protein for training 
adaptation and body composition manipulation in track and field 
athletes. Int J Sport Nutr Exerc Metab. 2019;29(2):165–74.

 39. Humayun MA, Elango R, Ball RO, Pencharz PB. Reevaluation of 
the protein requirement in young men with the indicator amino 
acid oxidation technique. Am J Clin Nutr. 2007;86(4):995–1002.

 40. Pencharz PB, Ball RO. Different approaches to define individual 
amino acid requirements. Annu Rev Nutr. 2003;23:101–16.

 41. Elango R, Ball RO, Pencharz PB. Indicator amino acid oxidation: 
concept and application. J Nutr. 2008;138:243–6.

 42. Millward DJ. Post-prandial tracer studies of protein and amino 
acid utilisation: what can they tell us about human amino acid 
and protein requirements? Br J Nutr. 2024;131(12):2005–30.

 43. Millward DJ, Jackson AA. Protein requirements and the 
indicator amino acid oxidation method. Am J Clin Nutr. 
2012;95(6):1498–502.

 44. Mazzulla M, Abou Sawan S, Williamson E, Hannaian SJ, 
Volterman KA, West DWD, et al. Protein intake to maximize 
whole-body anabolism during postexercise recovery in resist-
ance-trained men with high habitual intakes is several-fold 

greater than the current recommended dietary allowance. J Nutr. 
2020;150(3):505–11.

 45. Malowany JM, West DWD, Williamson E, Volterman KA, Abou 
Sawan S, Mazzulla M, et al. Protein to maximize whole-body 
anabolism in resistance-trained females after exercise. Med Sci 
Sports Exerc. 2019;51(4):798–804.

 46. Bandegan A, Courtney-Martin G, Rafii M, Pencharz PB, Lemon 
PW. Indicator amino acid-derived estimate of dietary protein 
requirement for male bodybuilders on a nontraining day is sev-
eral-fold greater than the current recommended dietary allow-
ance. J Nutr. 2017;147(5):850–7.

 47. Kato H, Suzuki K, Bannai M, Moore DR. Protein requirements 
are elevated in endurance athletes after exercise as determined 
by the indicator amino acid oxidation method. PLoS ONE. 
2016;11(6): e0157406.

 48. Elango R. Protein requirements in humans: a need for reassess-
ment. J Nutr. 2023;153(12):3355–6.

 49. Bandegan A, Courtney-Martin G, Rafii M, Pencharz PB, Lemon 
PWR. Indicator amino acid oxidation protein requirement esti-
mate in endurance-trained men 24 h postexercise exceeds both 
the EAR and current athlete guidelines. Am J Physiol Endocrinol 
Metab. 2019;316(5):E741–8.

 50. Gillen JB, West DWD, Williamson EP, Fung HJW, Moore 
DR. Low-carbohydrate training increases protein require-
ments of endurance athletes. Med Sci Sports Exerc. 
2019;51(11):2294–301.

 51. Moore DR, Gillen JB, West DWD, Kato H, Volterman KA. 
Protein requirements may be lower on a training compared 
to rest day but are not influenced by moderate training vol-
umes in endurance trained males. Appl Physiol Nutr Metab. 
2024;49(8):1124–8.

 52. Mazzulla M, Parel JT, Beals JW, Van Vliet S, Abou Sawan S, 
West DWD, et al. Endurance exercise attenuates postprandial 
whole-body leucine balance in trained men. Med Sci Sports 
Exerc. 2017;49(12):2585–92.

 53. Kato H, Suzuki K, Bannai M, Moore DR. Branched-chain 
amino acids are the primary limiting amino acids in the diets of 
endurance-trained men after a bout of prolonged exercise. J Nutr. 
2018;148(6):925–31.

 54. Hojfeldt G, Bulow J, Agergaard J, Simonsen LR, Bulow J, 
Schjerling P, et  al. Postprandial muscle protein synthesis 
rate is unaffected by 20-day habituation to a high protein 
intake: a randomized controlled, crossover trial. Eur J Nutr. 
2021;60(8):4307–19.

 55. Blomstrand E, Saltin B. Effect of muscle glycogen on glucose, 
lactate and amino acid metabolism during exercise and recov-
ery in human subjects. J Physiol. 1999;514(Pt 1):293–302.

 56. Hector AJ, McGlory C, Damas F, Mazara N, Baker SK, Phil-
lips SM. Pronounced energy restriction with elevated protein 
intake results in no change in proteolysis and reductions in 
skeletal muscle protein synthesis that are mitigated by resist-
ance exercise. FASEB J. 2018;32(1):265–75.

 57. Pasiakos SM, Vislocky LM, Carbone JW, Altieri N, Konopelski 
K, Freake HC, et al. Acute energy deprivation affects skeletal 
muscle protein synthesis and associated intracellular signaling 
proteins in physically active adults. J Nutr. 2010;140:745–51.

 58. Oxfeldt M, Marsi D, Christensen PM, Andersen OE, Johansen 
FT, Bangshaab M, et al. Low energy availability followed by 
optimal energy availability does not benefit performance in 
trained females. Med Sci Sports Exerc. 2024;56(5):902–16.

 59. Williamson E, Kato H, Volterman KA, Suzuki K, Moore DR. 
The effect of dietary protein on protein metabolism and per-
formance in endurance-trained males. Med Sci Sports Exerc. 
2019;51(2):352–60.

 60. Stannard SR, Buckley AJ, Edge JA, Thompson MW. Adapta-
tions to skeletal muscle with endurance exercise training in 



 O. C. Witard et al.

the acutely fed versus overnight-fasted state. J Sci Med Sport. 
2010;13(4):465–9.

 61. Aird TP, Davies RW, Carson BP. Effects of fasted vs fed-state 
exercise on performance and post-exercise metabolism: a sys-
tematic review and meta-analysis. Scand J Med Sci Sports. 
2018;28(5):1476–93.

 62. Van Proeyen K, Szlufcik K, Nielens H, Ramaekers M, Hes-
pel P. Beneficial metabolic adaptations due to endurance 
exercise training in the fasted state. J Appl Physiol (1985). 
2011;110(1):236–45.

 63. Moore DR. One size doesn’t fit all: postexercise protein 
requirements for the endurance athlete. Am J Clin Nutr. 
2020;112(2):249–50.

 64. Moore DR, Sygo J, Morton JP. Fuelling the female athlete: 
carbohydrate and protein recommendations. Eur J Sport Sci. 
2022;22(5):684–96.

 65. Williamson E, Fung HJW, Adams C, West DWD, Moore DR. 
Protein requirements are increased in endurance-trained ath-
letes but similar between females and males during postexer-
cise recovery. Med Sci Sports Exerc. 2023;55(10):1866–75.

 66. Moore DR. Protein requirements for master athletes: just older 
versions of their younger selves. Sports Med. 2021;51(Suppl. 
1):13–30.

 67. Rowlands DS, Wadsworth DP. Effect of high-protein feeding 
on performance and nitrogen balance in female cyclists. Med 
Sci Sports Exerc. 2011;43(1):44–53.

 68. Houltham SD, Rowlands DS. A snapshot of nitrogen bal-
ance in endurance-trained women. Appl Physiol Nutr Metab. 
2014;39(2):219–25.

 69. Costello JT, Bieuzen F, Bleakley CM. Where are all the female 
participants in sports and exercise medicine research? Eur J 
Sport Sci. 2014;14(8):847–51.

 70. D’Souza AC, Wageh M, Williams JS, Colenso-Semple LM, 
McCarthy DG, McKay AKA, et al. Menstrual cycle hormones 
and oral contraceptives: a multimethod systems physiology-
based review of their impact on key aspects of female physiol-
ogy. J Appl Physiol (1985). 2012;135(6):1284–99.

 71. Meredith CN, Zackin MJ, Frontera WR, Evans WJ. Dietary pro-
tein requirements and body protein metabolism in endurance-
trained men. J Appl Physiol. 1989;66:2850–6.

 72. Saunders MJ, Kane MD, Todd MK. Effects of a carbohydrate-
protein beverage on cycling endurance and muscle damage. Med 
Sci Sports Exerc. 2004;36:1233–8.

 73. Ivy JL, Res PT, Sprague RC, Widzer MO. Effect of a carbo-
hydrate-protein supplement on endurance performance during 
exercise of varying intensity. Int J Sport Nutr Exerc Metab. 
2003;13(3):382–95.

 74. Betts J, Williams C, Duffy K, Gunner F. The influence of carbo-
hydrate and protein ingestion during recovery from prolonged 
exercise on subsequent endurance performance. J Sports Sci. 
2007;25(13):1449–60.

 75. Breen L, Tipton KD, Jeukendrup AE. No effect of carbohydrate-
protein on cycling performance and indices of recovery. Med Sci 
Sports Exerc. 2010;42:1140–8.

 76. van Essen M, Gibala MJ. Failure of protein to improve time 
trial performance when added to a sports drink. Med Sci Sports 
Exerc. 2006;38(8):1476–83.

 77. Jeukendrup AE, Tipton KD, Gibala MJ. Protein plus carbohy-
drate does not enhance 60-km time-trial performance. Int J Sport 
Nutr Exerc Metab. 2009;9(4):335–9.

 78. Williamson E. Nutritional implications for ultra-endurance walk-
ing and running events. Extrem Physiol Med. 2016;5:13.

 79. Knechtle B, Knechtle P, Mrazek C, Senn O, Rosemann T, 
Imoberdorf R, et al. No effect of short-term amino acid supple-
mentation on variables related to skeletal muscle damage in 100 

km ultra-runners: a randomized controlled trial. J Int Soc Sports 
Nutr. 2011;8:6.

 80. Beelen M, Zorenc A, Pennings B, Senden JM, Kuipers H, van 
Loon LJC. Impact of protein coingestion on muscle protein syn-
thesis during continuous endurance type exercise. Am J Physiol 
Endocrinol Metab. 2011;300(6):945.

 81. Levenhagen DK, Carr C, Carlson MG, Maron DJ, Borel MJ, 
Flakoll PJ. Postexercise protein intake enhances whole-body 
and leg protein accretion in humans. Med Sci Sports Exerc. 
2002;34:828–37.

 82. Howarth KR, Moreau NA, Phillips SM, Gibala MJ. Coingestion 
of protein with carbohydrate during recovery from endurance 
exercise stimulates skeletal muscle protein synthesis in humans. 
J Appl Physiol (1985). 2009;106(4):1394–402.

 83. Lunn WR, Pasiakos SM, Colletto MR, Karfonta KE, Carbone 
JW, Anderson JM, et al. Chocolate milk and endurance exercise 
recovery: protein balance, glycogen, and performance. Med Sci 
Sports Exerc. 2012;44(4):682–91.

 84. Harber MP, Konopka AR, Douglass MD, Minchev K, Kaminsky 
LA, Trappe TA, et al. Aerobic exercise training improves whole 
muscle and single myofiber size and function in older women. 
Am J Physiol Regul Integr Comp Physiol. 2009;297:R1452–9.

 85. Pasiakos SM, McClung HL, McClung JP, Margolis LM, 
Andersen NE, Cloutier GJ, et al. Leucine-enriched essential 
amino acid supplementation during moderate steady state exer-
cise enhances postexercise muscle protein synthesis. Am J Clin 
Nutr. 2011;94(3):809–18.

 86. Browne GJ, Proud CG. Regulation of peptide-chain elongation 
in mammalian cells. Eur J Biochem. 2002;269(22):5360–8.

 87. Bolster DR, Pikosky MA, Gaine PC, Martin W, Wolfe RR, Tip-
ton KD, et al. Dietary protein intake impacts human skeletal 
muscle protein fractional synthetic rates after endurance exercise. 
Am J Physiol Endocrinol Metab. 2005;289:E678–83.

 88. Burd NA, Tardif N, Rooyackers O, van Loon LJC. Optimizing 
the measurement of mitochondrial protein synthesis in human 
skeletal muscle. Appl Physiol Nutr Metab. 2015;40(1):1–9.

 89. Coffey VG, Moore DR, Burd NA, Rerecich T, Stellingwerff T, 
Garnham AP, et al. Nutrient provision increases signalling and 
protein synthesis in human skeletal muscle after repeated sprints. 
Eur J Appl Physiol. 2011;111(7):1473–83.

 90. Neti G, Novak SM, Thompson VF, Goll DE. Properties of easily 
releasable myofilaments: are they the first step in myofibrillar 
protein turnover? Am J Physiol Cell Physiol. 2009;296(6):1383.

 91. Damas F, Phillips SM, Lixandrao ME, Vechin FC, Libardi CA, 
Roschel H, et al. Early resistance training-induced increases in 
muscle cross-sectional area are concomitant with edema-induced 
muscle swelling. Eur J Appl Physiol. 2016;116(1):49–56.

 92. Mitchell CJ, Churchward-Venne T, Parise G, Bellamy L, Baker 
SK, Smith K, et al. Acute post-exercise myofibrillar protein syn-
thesis is not correlated with resistance training-induced muscle 
hypertrophy in young men. PLoS ONE. 2014;9: e89431.

 93. Kohn TA, Essen-Gustavsson B, Myburgh KH. Exercise pattern 
influences skeletal muscle hybrid fibers of runners and nonrun-
ners. Med Sci Sports Exerc. 2007;39(11):1977–84.

 94. Harber MP, Gallagher PM, Trautmann J, Trappe SW. Myosin 
heavy chain composition of single muscle fibers in male distance 
runners. Int J Sports Med. 2002;23(7):484–8.

 95. Witard OC, Bannock L, Tipton KD. Making sense of muscle 
protein synthesis: a focus on muscle growth during resistance 
training. Int J Sport Nutr Exerc Metab. 2022;32(1):49–61.

 96. Rennie MJ. Body maintenance and repair: how food and exercise 
keep the musculoskeletal system in good shape. Exp Physiol. 
2005;90(4):427–36.

 97. Wagenmakers AJ. Protein and amino acid metabolism in human 
muscle. Adv Exp Med Biol. 1998;441:307–19.



Protein Recommendations for Endurance Sports

 98. Wagenmakers AJ. Tracers to investigate protein and 
amino acid metabolism in human subjects. Proc Nutr Soc. 
1999;58:987–1000.

 99. Moore DR, Churchward-Venne T, Witard O, Breen L, Burd 
NA, Tipton KD, et al. Protein ingestion to stimulate myofibril-
lar protein synthesis requires greater relative protein intakes in 
healthy older versus younger men. J Gerontol A Biol Sci Med 
Sci. 2015;70(1):57–62.

 100. Trommelen J, van Lieshout GAA, Nyakayiru J, Holwerda AM, 
Smeets JSJ, Hendriks FK, et al. The anabolic response to pro-
tein ingestion during recovery from exercise has no upper limit 
in magnitude and duration in vivo in humans. Cell Rep Med. 
2023;4(12): 101324.

 101. Trommelen J, van Lieshout GAA, Pabla P, Nyakayiru J, Hendriks 
FK, Senden JM, et al. Pre-sleep protein ingestion increases mito-
chondrial protein synthesis rates during overnight recovery from 
endurance exercise: a randomized controlled trial. Sports Med. 
2023;53(7):1445–55.

 102. Hartono FA, Martin-Arrowsmith PW, Peeters WM, Church-
ward-Venne TA. The effects of dietary protein supplemen-
tation on acute changes in muscle protein synthesis and 
longer-term changes in muscle mass, strength, and aerobic 
capacity in response to concurrent resistance and endurance 
exercise in healthy adults: a systematic review. Sports Med. 
2022;52(6):1295–328.

 103. Parr EB, Camera DM, Areta JL, Burke LM, Phillips SM, Haw-
ley JA, et al. Alcohol ingestion impairs maximal post-exercise 
rates of myofibrillar protein synthesis following a single bout of 
concurrent training. PLoS ONE. 2014;9(2): e88384.

 104. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Peeters WM, 
Zorenc AH, Schierbeek H, et al. Myofibrillar and mitochondrial 
protein synthesis rates do not differ in young men following the 
ingestion of carbohydrate with milk protein, whey, or micellar 
casein after concurrent resistance- and endurance-type exercise. 
J Nutr. 2019;149(2):198–209.

 105. Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Peeters 
WM, Zorenc AH, Schierbeek H, et al. Myofibrillar and mito-
chondrial protein synthesis rates do not differ in young men 
following the ingestion of carbohydrate with whey, soy, or 
leucine-enriched soy protein after concurrent resistance- and 
endurance-type exercise. J Nutr. 2019;149(2):210–20.

 106. Rothschild JA, Kilding AE, Plews DJ. Prevalence and determi-
nants of fasted training in endurance athletes: a survey analy-
sis. Int J Sport Nutr Exerc Metab. 2020;30(5):345–56.

 107. Akerstrom TCA, Birk JB, Klein DK, Erikstrup C, Plomgaard 
P, Pedersen BK, et al. Oral glucose ingestion attenuates exer-
cise-induced activation of 5′-AMP-activated protein kinase 
in human skeletal muscle. Biochem Biophys Res Commun. 
2006;342(3):949–55.

 108. Psilander N, Frank P, Flockhart M, Sahlin K. Exercise with 
low glycogen increases PGC-1alpha gene expression in human 
skeletal muscle. Eur J Appl Physiol. 2013;113(4):951–63.

 109. Egan B, Zierath JR. Exercise metabolism and the molecu-
lar regulation of skeletal muscle adaptation. Cell Metab. 
2013;17(2):162–84.

 110. Hansen AK, Fischer CP, Plomgaard P, Andersen JL, Saltin 
B, Pedersen BK. Skeletal muscle adaptation: training twice 
every second day vs. training once daily. J Appl Physiol (1985). 
2005;98:93–9.

 111. Yeo WK, Paton CD, Garnham AP, Burke LM, Carey AL, Haw-
ley JA. Skeletal muscle adaptation and performance responses 
to once a day versus twice every second day endurance training 
regimens. J Appl Physiol. 1985;2008(105):1462–70.

 112. Morton JP, Croft L, Bartlett JD, Maclaren DPM, Reilly T, 
Evans L, et al. Reduced carbohydrate availability does not 
modulate training-induced heat shock protein adaptations but 

does upregulate oxidative enzyme activity in human skeletal 
muscle. J Appl Physiol (1985). 2009;106(5):1513–21.

 113. Marquet L, Brisswalter J, Louis J, Tiollier E, Burke LM, Haw-
ley JA, et al. Enhanced endurance performance by periodi-
zation of carbohydrate intake: “sleep low” strategy. Med Sci 
Sports Exerc. 2016;48(4):663–72.

 114. Van Hall G, Saltin B, Wagenmakers AJ. Muscle pro-
tein degradation and amino acid metabolism during pro-
longed knee-extensor exercise in humans. Clin Sci (Lond). 
1999;97(5):557–67.

 115. Lemon PW, Mullin JP. Effect of initial muscle glycogen levels 
on protein catabolism during exercise. J Appl Physiol Respir 
Environ Exerc Physiol. 1980;48(4):624–9.

 116. Lamont LS, McCullough AJ, Kalhan SC. Relationship between 
leucine oxidation and oxygen consumption during steady-state 
exercise. Med Sci Sports Exerc. 2001;33(2):237–41.

 117. Taylor C, Bartlett JD, van de Graaf CS, Louhelainen J, Coyne 
V, Iqbal Z, et al. Protein ingestion does not impair exercise-
induced AMPK signalling when in a glycogen-depleted state: 
implications for train-low compete-high. Eur J Appl Physiol. 
2013;113(6):1457–68.

 118. Impey SG, Smith D, Robinson AL, Owens DJ, Bartlett JD, 
Smith K, et  al. Leucine-enriched protein feeding does not 
impair exercise-induced free fatty acid availability and lipid 
oxidation: beneficial implications for training in carbohydrate-
restricted states. Amino Acids. 2015;47(2):407–16.

 119. Impey SG, Hearris MA, Hammond KM, Bartlett JD, Louis 
J, Close GL, et al. Fuel for the work required: a theoretical 
framework for carbohydrate periodization and the glycogen 
threshold hypothesis. Sports Med. 2018;48(5):1031–48.

 120. Larsen MS, Holm L, Svart MV, Hjelholt AJ, Bengtsen MB, 
Dollerup OL, et al. Effects of protein intake prior to carbohy-
drate-restricted endurance exercise: a randomized crossover 
trial. J Int Soc Sports Nutr. 2020;17(1):7.

 121. Flakoll PJ, Judy T, Flinn K, Carr C, Flinn S. Postexercise pro-
tein supplementation improves health and muscle soreness dur-
ing basic military training in Marine recruits. J Appl Physiol. 
2004;96:951–6.

 122. Witard OC, Jackman SR, Kies AK, Jeukendrup AE, Tipton KD. 
Effect of increased dietary protein on tolerance to intensified 
training. Med Sci Sports Exerc. 2011;43:598–607.

 123. Rowlands DS, Rossler K, Thorp RM, Graham DF, Timmons 
BW, Stannard SR, et al. Effect of dietary protein content during 
recovery from high-intensity cycling on subsequent performance 
and markers of stress, inflammation, and muscle damage in well-
trained men. Appl Physiol Nutr Metab. 2008;33:3339–51.

 124. Witard OC, Turner JE, Jackman SR, Kies AK, Jeukendrup 
AE, Bosch JA, et al. High dietary protein restores overreaching 
induced impairments in leukocyte trafficking and reduces the 
incidence of upper respiratory tract infection in elite cyclists. 
Brain Behav Immun. 2014;39:211–9.

 125. Mettler S, Mitchell N, Tipton KD. Increased protein intake 
reduces lean body mass loss during weight loss in athletes. Med 
Sci Sports Exerc. 2010;42:326–37.

 126. Longland TM, Oikawa SY, Mitchell CJ, Devries MC, Phillips 
SM. Higher compared with lower dietary protein during an 
energy deficit combined with intense exercise promotes greater 
lean mass gain and fat mass loss: a randomized trial. Am J Clin 
Nutr. 2016;103(3):738–46.

 127. Stepto NK, Martin DT, Fallon KE, Hawley JA. Metabolic 
demands of intense aerobic interval training in competitive 
cyclists. Med Sci Sports Exerc. 2001;33(2):303–10.

 128. Casey A, Mann R, Banister K, Fox J, Morris PG, Macdonald IA, 
et al. Effect of carbohydrate ingestion on glycogen resynthesis in 
human liver and skeletal muscle, measured by (13)C MRS. Am 
J Physiol Endocrinol Metab. 2000;278(1):65.



 O. C. Witard et al.

 129. Bergstrom J, Hermansen L, Hultman E, Saltin B. Diet, mus-
cle glycogen and physical performance. Acta Physiol Scand. 
1967;71(2):140–50.

 130. Namma-Motonaga K, Kondo E, Osawa T, Shiose K, Kamei A, 
Taguchi M, et al. Effect of different carbohydrate intakes within 
24 hours after glycogen depletion on muscle glycogen recov-
ery in Japanese endurance athletes. Nutrients. 2022;14(7):1320. 
https:// doi. org/ 10. 3390/ nu140 71320.

 131. van Loon LJ, Saris WH, Kruijshoop M, Wagenmakers AJ. Max-
imizing postexercise muscle glycogen synthesis: carbohydrate 
supplementation and the application of amino acid or protein 
hydrolysate mixtures. Am J Clin Nutr. 2000;72(1):106–11.

 132. Kaastra B, Manders RJF, Van Breda E, Kies A, Jeukendrup AE, 
Keizer HA, et al. Effects of increasing insulin secretion on acute 
postexercise blood glucose disposal. Med Sci Sports Exerc. 
2006;38(2):268–75.

 133. van Loon LJ, Kruijshoop M, Verhagen H, Saris WH, Wagenmak-
ers AJ. Ingestion of protein hydrolysate and amino acid-carbohy-
drate mixtures increases postexercise plasma insulin responses 
in men. J Nutr. 2000;130:2508–13.

 134. Zawadzki KM, Yaspelkis BB III, Ivy JL. Carbohydrate-protein 
complex increases the rate of muscle glycogen storage after exer-
cise. J Appl Physiol. 1992;72:1854–9.

 135. Ivy JL, Goforth HW Jr, Damon BM, McCauley TR, Parsons 
EC, Price TB. Early postexercise muscle glycogen recovery is 
enhanced with a carbohydrate-protein supplement. J Appl Phys-
iol. 2002;93:1337–44.

 136. Roden M, Perseghin G, Petersen KF, Hwang JH, Cline GW, 
Gerow K, et al. The roles of insulin and glucagon in the regula-
tion of hepatic glycogen synthesis and turnover in humans. J Clin 
Invest. 1996;97(3):642–8.

 137. Kurland IJ, Pilkis SJ. Indirect versus direct routes of hepatic gly-
cogen synthesis. FASEB J. 1989;3(11):2277–81.

 138. Detko E, O’Hara JP, Thelwall PE, Smith FE, Jakovljevic DG, 
King RFGJ, et al. Liver and muscle glycogen repletion using 
13C magnetic resonance spectroscopy following ingestion of 
maltodextrin, galactose, protein and amino acids. Br J Nutr. 
2013;110(5):848–55.

 139. Jentjens RL, van Loon LJ, Mann CH, Wagenmakers AJ, Jeuke-
ndrup AE. Addition of protein and amino acids to carbohydrates 
does not enhance postexercise muscle glycogen synthesis. J Appl 
Physiol (1985). 2001;91(2):839–46.

 140. Price TB, Rothman DL, Taylor R, Avison MJ, Shulman GI, 
Shulman RG. Human muscle glycogen resynthesis after exer-
cise: insulin-dependent and -independent phases. J Appl Physiol 
(1985). 1994;76(1):104–11.

Authors and Affiliations

Oliver C. Witard1 · Mark Hearris2 · Paul T. Morgan2

 * Oliver C. Witard 
 oliver.witard@kcl.ac.uk

1 Centre for Human and Applied Physiological Sciences, 
Faculty of Life Sciences and Medicine, King’s College 
London, Strand Campus, Strand, London WC2R 2LS, UK

2 Department of Sport and Exercise Sciences, Institute 
of Sport, Manchester Metropolitan University, Manchester, 
UK

https://doi.org/10.3390/nu14071320

	Protein Nutrition for Endurance Athletes: A Metabolic Focus on Promoting Recovery and Training Adaptation
	Abstract
	1 Introduction
	2 Protein Metabolism and Endurance Exercise
	3 Defining the Protein Needs of Endurance Athletes
	4 Protein Requirements
	4.1 Protein Requirements of Female and Master Endurance Athletes

	5 Protein Recommendations
	5.1 Protein Ingestion and the Response of Muscle Protein Synthesis to Endurance Exercise
	5.2 Protein Ingestion and Muscle Protein Synthesis During Concurrent Exercise Recovery
	5.3 Protein Ingestion for CHO-Restricted Exercise: Implications for Endurance Training Adaptation
	5.4 Protein Ingestion to Enhance Tolerance to Intensified Training
	5.5 Protein Ingestion for Glycogen Restoration: Implications for Post-Exercise Refuelling

	6 Conclusions
	Acknowledgements 
	References


