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The fundamental goal of nutrition for training is to provide the required energy and substrate to sustain the target training volume and
intensity that is necessary to induce desired physiological adaptations. However, aside from fueling and recovery, it is now
recognized that nutrient availability also modulates the activation of cell signaling pathways that regulate adaptations associated
with both endurance and strength training. Such developments are the guiding principles underpinning “nutritional periodization”
wherein energy, macronutrient, and micronutrient availability are deliberately manipulated across the microcycle, mesocycle, and
macrocycle with the strategic goal to promote training adaptations, support recovery, manipulate body composition, and optimize
competition performance. In addition to total “daily” nutrient intake, the elite athlete must, therefore, adjust their energy and
carbohydrate intake in a meal-by-meal and day-by-day manner (i.e., carbohydrate periodization) in accordance with the energetic
demands and training objectives of each specific training session. In addition to fueling (and refueling) for the work required, daily
protein intake should at least be 1.6-2.1 gkg '-day™" not only to account for amino acid oxidation during exercise but also,
importantly, to promote tissue remodeling, notably skeletal muscle. Emerging evidence also supports the rationale for nutraceuticals
to promote recovery and sleep, though the potential effect of such compounds in blunting training adaptation should also be
considered. Taken together, it is increasingly clear that nutrition is a critical enabler to successful training outcomes, and as such, the
sport nutritionist should be considered an integral member of an athlete’s coaching and performance support team.
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Regular exercise training induces profound central and
peripheral adaptations that collectively function to increase an
athlete’s physiological capacity to perform a given workload for a
given duration. In that sense, exercise training can increase the
maximal functional capacity of an athlete (e.g., maximal oxygen
uptake, strength and power, etc.) while also reducing the degree
of homeostatic perturbations for a given absolute exercise inten-
sity (Egan & Sharples, 2023). In relation to endurance exercise,
the physiological determinants of performance are now relatively
well described, recognized functionally as a collective contribu-
tion of maximal oxygen uptake, lactate threshold, efficiency
(Joyner & Coyle, 2008) and most recently, durability (Jones &
Kirby, 2025). Such measurable components of physiological
capability are, of course, dependent on the interaction of train-
ing-induced adaptations of multiple organ systems, notably, the
central nervous, cardiovascular, respiratory, and skeletal muscle
systems (Ashcroft et al., 2024). Ultimately, the goal of an
athlete’s coaching team and their related support staff is to
optimize and periodize the training stimulus to promote the
necessary adaptations in such organ systems, thereby inducing
the desired improvements in performance within the relevant
timescale.
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Traditionally, the role of the sport nutritionist in this process
has been one of optimizing “fueling” (i.e., energy and carbohy-
drate [CHOY] intake), thus providing the athlete with the necessary
substrate to complete and recover from the required training
volumes. In this regard, sport nutrition research and applied
practice has often been dominated by a muscle-centric approach,
culminating in nutritional strategies that promote training inten-
sity, volume, and overall work done. Nonetheless, with the
emergence of molecular biology (and an “omics” approach to
research) in the last two decades, it is now accepted that nutrient
availability before, during, and/or after exercise can also deter-
mine how skeletal muscle adapts to an acute and chronic exercise
stress (Bartlett et al., 2015; Hawley & Morton, 2014). At a
molecular level, such research has demonstrated that manipula-
tion of nutrient availability can modulate contractile-induced
signal transduction (Hawley et al., 2011), thus potentiating or
hindering the activation of those pathways associated with train-
ing-induced regulation of both endurance (e.g., mitochondrial
biogenesis) and strength-related adaptations (e.g., muscle hyper-
trophy; Egan & Sharples, 2023). Such nutritional modulation of
training adaptations, therefore, positions nutrition as a crucial
component of the overall approach to training periodization.
Indeed, the associated concept of “nutritional periodization™ is
now a recognized area of research and a guiding philosophy that
supports applied practice (Burke et al., 2018; Stellingwerff et al.,
2019). In the context of the present paper, we define nutritional
periodization as the deliberate manipulation of energy, macronu-
trient, and micronutrient availability across the micro-, meso-
and macrocycles, where the strategic goal is to promote training
adaptations, manipulate body composition, support recovery,
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and optimize competition performance. To achieve these out-
comes, such a working definition also encompasses the role of
nutrition in supporting sleep and wider athlete health, both of
which undoubtedly contribute to the ability to sustain the desired
training volume in the first instance.

With this in mind, the aim of the present paper is to provide a
contemporary overview of the role of nutrition in supporting
training adaptations and recovery. Due to space constraints and
the varied nature of the given cycling disciplines (e.g., road, track,
bicycle motorcross, etc.), it is not possible to provide a detailed
sport-specific overview. Rather, in recognition of the established
research base and relevance across the cycling disciplines, the text
to follow subsequently focuses on the role of CHO and protein on
modulating training adaptation and recovery. As emerging
research areas, we also discuss the role of nutraceuticals in
promoting adaptation, recovery, and sleep. Given the nature of
this Union Cycliste Internationale-endorsed consensus, the con-
cepts discussed in the present paper are especially relevant to
those cyclists racing for professional teams and/or enrolled in
Olympic programs. In accordance with the recently published
participant classification framework (McKay et al., 2022), we also
refer to the “elite” cyclist as those athletes encompassing Tier 4
(i.e., elite/international level) and Tier 5 (world class) status.

Carbohydrate Requirements for Fueling,
Recovery, and Training Adaptation

The principle of ensuring adequate CHO availability to support
exercise performance is the foundation on which contemporary sport
nutrition practices have typically been built. The importance of
muscle glycogen as a determinant of exercise capacity was first
recognized in the late 1960s with the introduction of the muscle
biopsy technique (Bergstrom et al., 1967). This seminal work paved
the way for the next three decades of research, culminating in the
observation that in conditions where exercise duration is >90 min,
supercompensation of muscle glycogen stores can extend endurance
capacity by 20% and improve exercise performance by 3% (Hawley
et al., 1997). Accordingly, endurance athletes are now advised to
consume a daily CHO intake that aligns to daily exercise volume, for
example, 6-10 and 8-12 g/kg body mass where exercise duration is
1-3 hr and 4-5 hr, respectively (Thomas et al., 2016). Such guide-
lines are firmly based on the premise that to stimulate training
adaptations, an athlete must possess the necessary substrate to
readily complete the desired workload (i.e., duration, intensity, and
frequency of daily training sessions) in the first instance.

CHO Periodization, Fueling, and Refueling
for the Work Required

In addition to total daily CHO intake, it is perhaps more pertinent to
consider the CHO intake that is necessary to sustain the target
workload in the “upcoming” training session. In considering “acute
fueling strategies,” previous guidelines have recommended a CHO
intake of 7-12 g/kg for 24 hr in those instances where training
sessions or events are <90 min (Thomas et al., 2016). Where
exercise duration is >90 min, guidelines also recommend 10-12 g/
kg per day for 3648 hr. Finally, where “speedy refueling” is
required (i.e., <8 hr between two consecutive sessions), it is advised
to consume 1.2 g/kg per hour for the first 4 hr, as based on the
recognition that muscle is most receptive to glycogen storage in the
first 2 hr after exercise (Ivy et al., 1988) and also considering the

dose of CHO ingestion that induces maximal rates of muscle
glycogen resynthesis (Burke et al., 2017).

Although such guidelines provide a starting point from which to
formulate sport-specific CHO recommendations, it can remain
challenging for athletes, coaches, and practitioners to translate
such recommendations to the level of an individual athlete. With
this in mind, it is, therefore, important to have an awareness of
the potential glycogen utilization and depletion that has occurred
in a given training session (Areta & Hopkins, 2018), the time-
scale required to refuel and prepare for the next training session
(Sherman et al., 1993), and finally, the potential glycogen and CHO
cost associated with the subsequent training session (Rothschild
et al., 2022, 2024). Accordingly, the principle of “fueling for the
work required” advises that CHO availability should be adjusted (or
periodized) day by day and meal by meal according to the intensity,
duration, and specific training goals of the upcoming training
session(s) (Impey et al., 2018). To illustrate such points, Figure 1
presents data from the first author’s laboratory from a series of
studies wherein male cyclists performed glycogen depleting exercise
(glycogen concentration typically declines to <150 mmol/kg dry
muscle weight [dw]) followed by a 14 hr or 36 hr period of refeed-
ing. On the basis that glycogen concentrations <250 mmol/kg dw are
associated with impaired calcium release, excitation coupling, and
muscle fatigue (Gejl et al., 2014; Jensen et al., 2020; @rtenblad et al.,
2011), we have classified glycogen storage as low (<250 mmol/kg
dw), medium (250-600 mmol/kg dw), or high (>600 mmol/kg dw).

Using this classification, Hearris et al. (2019) reported that a
postexercise CHO intake of 7.6 g/kg across a 14-hr overnight
recovery period (albeit in recreationally active participants) only
restores muscle glycogen concentration to <300 mmol/kg dw
(i.e., borderline low glycogen availability). On the next morning,
participants were prescribed a subsequent bout of high-intensity
interval exercise comprising 8 X 3-min efforts at 80% peak power
output (PPO) interspersed with 1-min rest. Following completion
of the prescribed workload, participants then completed repeated
1-min efforts at 80% PPO (interspersed with 1-min active recovery
periods at 40% PPO) until the point of exhaustion. When considering
total time completed at 80% PPO, participants were only able to
complete a total of 44 min of exercise before volitional fatigue. From
a practical perspective, such data demonstrate that in the context of a
training session consisting of high-intensity interval training, an
acute CHO intake of 7.6 g/kg may not necessarily be sufficient to
sustain training intensity, especially in instances where the training
program had intended for a greater volume of work to be completed
across an extended training duration. In this scenario, the athlete
may, therefore, be considered to be underfueling for the work
required, a consequence of not refueling adequately (despite a
14-hr recovery period with a CHO intake of 7.6 g/kg) in recovery
from the previous training session that occurred the evening before,
such that preexercise glycogen availability on the subsequent morn-
ing may not have been sufficient to sustain the desired training
workload. Interestingly, when participants consumed lower relative
CHO intakes of 3.6 and 0 g/kg (achieving preexercise glycogen
concentrations of 200 and <100 mmol/kg dw, respectively), total
time spent at 80% PPO equated to a reduced mean training duration
of 36 and 18 min, respectively. In the latter scenario of an absence of
CHO ingestion, six of the eight participants were unable to complete
the prescribed workload of 8 x 3-min efforts.

In contrast, Hearris et al. (2020) subsequently studied a trained
cohort of cyclists wherein glycogen depleting exercise was followed
by 36 hr of refueling with 2, 6, or 14 g/kg of CHO such that
pretraining glycogen concentration was approximately 250, 350, and
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Figure 1 — The effects of postexercise CHO intake on muscle glycogen concentration. Data are compiled from studies wherein male cyclists have
performed exhaustive glycogen depleting exercise (depleting glycogen to <150 mmol/kg dw) followed by graded postexercise CHO intake across short
(i.e., 14 hr) or extended recovery (i.e., 36 hr) periods. As opposed to focusing on daily CHO intake per se, these data demonstrate the necessity for athletes,
coaches, and practitioners to consider the absolute glycogen that is required to sustain the desired training intensity and duration in the upcoming training
session, that is, refueling for the work required. Muscle glycogen concentration is classified as low (<250 mmol/kg dw, colored in red in the bottom
segment), medium (250-600 mmol/kg dw, colored in amber in the middle segment), or high (>600 mmol/kg dw, colored in green in the upper
segment), respectively (color figure available online). CHO = carbohydrate; BM = body mass.

550 mmol/kg dw, respectively. In this instance, participants subse-
quently completed a prescribed high-intensity interval training
session comprising a target workload of 8 X 5-min efforts at 80%
PPO that was not accompanied by a subsequent exercise capacity
test. Importantly, all participants were able to complete the pre-
scribed training load with all dietary CHO intakes, thus suggesting
that training adherence and intensity was not compromised with
reduced CHO availability. In this instance, it is apparent that
participants were adequately fueling for the work required in relation
to the target training workload for that specific session.

In relation to prolonged exercise, Impey et al. (2016) demon-
strated that commencing an acute training session (comprising both
steady-state and high-intensity interval exercise) with 600 mmol/kg
dw of muscle glycogen (indicative of high glycogen stores)
increased exercise capacity by approximately 1 hr (158 +28 min
vs. 100 =17 min) when compared with exercise that was com-
menced with 300 mmol/kg dw (i.e., medium glycogen stores). In this
example, a postexercise refueling strategy of 3 g/kg and restoration
of glycogen to 300 mmol/kg dw may have been sufficient if the
target training volume in the subsequent training session was
equivalent to 100 min of exercise or less. Alternatively, if the
athlete’s training program had been planned for a training session
equivalent to 3 hr in duration, then an intake of 3 g/kg is clearly
representative of underfueling when compared with the (re)fueling
approach wherein 13 g/kg had been consumed in the previous 36 hr.

In the context of the “elite” cyclist (i.e., Tiers 4 and 5),
however, we acknowledge that the lower absolute CHO intakes
displayed in Figure 1 would drastically reduce daily energy
availability and if adhered to during key training microcycles,
would likely cause health and performance implications associated
with low energy availability (Heikura et al., 2019; Jurov et al.,

2022). Nonetheless, as proof of concept, such data demonstrate the
necessity to consider, plan, and periodize CHO availability across a
typical “training block” (i.e., 3—7 days of activity) and in a meal-by-
meal manner, as opposed to focusing on daily CHO intake per se.
When considered this way, it is possible that an elite cyclist’s total
daily CHO intake may increase above and beyond the upper limit
of current recommendations (i.e., 12 g/kg), especially in intensive
training blocks where training duration is 4-6 hr/day and/or
multiple sessions may be performed within a day.

CHO Feeding During Training

In addition to endogenous CHO availability (i.e., muscle and liver
glycogen storage), CHO feeding during exercise is also ergogenic
to exercise performance (Stellingwerff & Cox, 2014) and may,
therefore, allow the cyclist to complete more volume and intensity
in training (Fell et al., 2021). As such, we define “CHO availabil-
ity” as the sum of the endogenous (i.e., muscle and liver glycogen)
and exogenous CHO (i.e., CHO consumed before and/or during
exercise) that is available to sustain the required training intensity
and duration. According to this definition, it is possible to have
insufficient CHO availability (even if exercise is commenced with
high preexercise muscle glycogen stores) if an inadequate dose of
CHO is consumed during exercise to sustain the desired workload.
For example, the seminal research of Coyle et al. (1986) demon-
strated that exercise capacity at 70% VO,max was extended by
33% when trained male cyclists consumed approximately 100 g of
CHO per hour (4 hr) compared with a placebo solution (3 hr).
Alternatively, it is possible to commence exercise with reduced
muscle glycogen yet still be considered to have sufficient CHO
availability if the CHO consumed during exercise permits the
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completion of the required training intensity and duration (Widrick
et al., 1993).

The ergogenic effects of CHO feeding during prolonged
cycling are likely due to liver (and in some cases, muscle) glycogen
sparing (Gonzalez et al., 2015; Stellingwerff et al., 2007), mainte-
nance of plasma glucose concentrations (Coyle et al., 1986), and
whole-body CHO oxidation rates, the result of which can delay the
crossover point during exercise wherein the predominant source of
substrate metabolism during exercise shifts from CHO to fat (Fell
et al., 2021; Hearris et al., 2022). In addition, CHO feeding can also
improve cycling performance where exercise is <60 min
(Jeukendrup et al., 1997), an effect that is not apparent when glucose
is infused directly to the bloodstream (Carter et al., 2004). Such data
suggest that CHO can also improve performance via nonmetabolic
effects, therefore informing the rationale to mouth rinse CHO during
exercise (i.e., rinsing CHO in the oral cavity for 5-10 s every 5-
10 min). The ergogenic effect of CHO mouth rinsing is independent
of sweetness (Chambers et al., 2009) and is especially apparent in
the absence of a preexercise meal (Lane et al., 2013) and reduced
muscle glycogen stores (Kasper et al., 2016).

Similar to daily CHO intake, current recommendations for
CHO feeding during exercise are determined according to exercise
duration, where mouth rinsing and ingestion of 30-60 g/hr is
advised when exercise is 4575 min and 1-2.5 hr, respectively
(Thomas et al., 2016). In the latter case, single-source CHO
formulations are advised (i.e., glucose or maltodextrin), and exog-
enous CHO oxidation rates typically peak at 1-1.1 g/min, owing to
the saturation of intestinal glucose absorption (via the sodium-
dependent glucose transporter 1) at doses of 60 g/hr (Ferraris, 2001;
Jentjens et al., 2004; Jeukendrup et al., 1999; Wagenmakers et al.,
1993). Where exercise duration is >2.5 hr, up to 90 g/hr has been
recommended where dual-source CHO blends (i.e., addition of
fructose) induce superior rates of exogenous oxidation (i.e., 1.2—
1.5 g/min) given that fructose is absorbed via differing intestinal
transporters (glucose transporter 5; Ferraris, 2001; Jentjens et al.,
2004; Wallis et al., 2005). However, higher rates of exogenous
CHO oxidation can also be achieved (i.e., 1.5-1.8 g/min) with
ingestion of dual-source blends (formulated at a ratio of 1:0.8
maltodextrin to fructose) at a rate of 120 g/hr (Hearris et al., 2022).
Importantly, these researchers reported no differences between
exogenous CHO oxidation rate or gastrointestinal discomfort when
the CHO was consumed in the form of drinks, gels, jelly chew, or a
mix and match approach (i.e., the range of fueling formats typically
adopted by cyclists). Furthermore, consumption of 120 g/hr pre-
vented the occurrence of the crossover point during exercise
(Hearris et al., 2022), whereas 90 g/hr only delayed the time to
crossover compared with 45 g and 0 g/hr (Fell et al., 2021; see
Figure 2). Such data are indicative of a metabolic advantage of
consuming 120 g/hr compared with 90 g/hr, though we acknowl-
edge that a definitive CHO dose response study (i.e., across the
range of 0—120 g/hr) and its effect on performance in training or
competition-related scenarios is yet to be completed under stan-
dardized conditions in the same laboratory, as is the case for both
male and female cyclists. In addition, the concept of personalized
CHO feeding strategies according to body mass (Ijaz et al., 2024),
oxidation efficiency, and gut tolerance (Podlogar et al., 2025) also
warrants further investigation to more accurately inform practical
strategies that align to fueling for the work required. Moreover,
there is a definitive need for further research to better understand
the energetic and CHO cost associated with the typical training
sessions completed by elite cyclists across the relevant disciplines.
Interestingly, anecdotal observations from professional road

cyclists and elite triathletes (comprising both Tier 4 and 5 athletes)
report in-race CHO intakes ranging from 120 to 200 g/hr; hence,
future research should also evaluate the upper limit of CHO
absorption and oxidation in those athletes who are apparently
habituated to such high doses of CHO intake.

The Role of Muscle Glycogen as a Molecular
Regulator of Training Adaptations

In addition to its role as a substrate to support adenosine triphos-
phate production and regulate contractile processes, it is now
recognized that muscle glycogen can also affect training-induced
oxidative adaptations of skeletal muscle (Philp et al., 2012). In this
way, commencing exercise with a muscle glycogen concentration
above and beyond what is required to support the demands of a
given training session or daily training loads (Sherman et al.,
1993) may actually hinder the activation of the molecular path-
ways that regulate training adaptation in the first instance (Impey
etal., 2018). Accordingly, the concept of deliberately training with
reduced preexercise muscle glycogen availability to enhance the
activation of the molecular signaling pathways that regulate
mitochondrial biogenesis has received significant research atten-
tion in the previous two decades (Burke et al., 2018; Diaz-Lara
et al., 2025; Impey et al., 2018). In this regard, acute exercise
studies demonstrate that commencing exercise with “reduced”
preexercise muscle glycogen (the so-called “train low” paradigm)
concentration upregulates cell signaling pathways with putative
roles in the regulation of both the nuclear and mitochondrial
genomes (Bartlett et al., 2013; Pilegaard et al., 2002; Psilander
et al., 2013; Wojtaszewski et al., 2003; Yeo et al., 2010). Further-
more, repeated bouts of train-low exercise can subsequently
augment muscle adaptations inherent to the endurance phenotype.
For example, the strategic periodization of dietary CHO to com-
mence exercise with low muscle glycogen (during 3—10 weeks of
training) enhances mitochondrial enzyme activity and protein
content (Hansen et al., 2005; Morton et al., 2009; Yeo et al.,
2008), augments whole-body and intramuscular lipid metabolism
(Hulston et al., 2010), and in some instances, improves exercise
capacity (Hansen et al., 2005) and performance (Bennett et al.,
2021; Marquet, Brisswalter, et al., 2016; Marquet, Hausswirth,
etal., 2016), though performance enhancing effects are not always
evident (Gejl et al., 2017; Hulston et al., 2010; Yeo et al., 2008).
An overview of the differing research models that have been used
to study the effects of train low are summarized in Figure 3A. In
addition, a summary of those studies using cycling as the exercise
modality is presented in Table 1.

An overview of the molecular pathways by which reduced
CHO availability may stimulate training adaptation is presented
in Figure 3B. Given that the enhanced training response asso-
ciated with train low is potentially mediated by muscle glycogen
availability, it is pertinent to consider the absolute glycogen con-
centrations required to facilitate the response. In this regard, high-
glycogen research trials are commonly commenced with muscle
glycogen concentrations between 400 and 800 mmol/kg dw,
and postexercise concentrations remain above 300 mmol/kg dw
(Bartlett et al., 2013; Roepstorff et al., 2005; Wojtaszewski et al.,
2003). In such instances, attenuated (Wojtaszewski et al., 2003) or
abolished (Bartlett et al., 2013; Roepstorff et al., 2005) activation of
cell signaling pathways is observed when compared with trials
wherein exercise has been commenced (~350 mmol/kg dw) and
finished (<150 mmol/kg dw) with low glycogen concentration. A
detailed evaluation of available train-low studies (see Impey et al.,
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Figure 2 — The effects of CHO ingestion during exercise on the contribution of CHO and fat to substrate metabolism. Data are compiled from studies

wherein male cyclists performed 3 hr of submaximal exercise at 95% of lactate threshold and ingested 0 (A), 45 (B), 90 (C), or 120 g/hr (D). Note that
ingestion rates of 45 and 90 g/hr only delay the time to “crossover” compared with no CHO ingestion, as indicated by the arrow on each panel. In contrast,
120 g/hr prevents the crossover point, and CHO remains the predominant substrate. Such data are suggestive of a metabolic advantage to higher rates of
CHO ingestion in those training scenarios where maintaining CHO availability is a key nutritional objective to promote training intensity. Nonetheless,
further studies are required to verify the efficacy of differing doses of CHO ingestion on exercise performance. (A-C, Fell et al. 2021; D, Hearris et al.

2022). CHO = carbohydrate.

2018), indeed, demonstrates that adaptations associated with CHO
restriction are particularly evident when the absolute preexercise
muscle glycogen concentration permits exercise-induced depletion
to postexercise concentrations that are <200-300 mmol/kg dw.
Accordingly, comparable cell signaling and gene expression re-
sponses occur if exhaustive (Hearris et al., 2019) and nonexhaustive
(Hearris et al., 2020) exercise is finished with similar absolute
postexercise muscle glycogen concentrations (i.e., 100-300 mmol/
kg dw), despite commencing exercise with graded levels of muscle
glycogen concentration (i.e., 300-600 mmol/kg dw). On this basis,
it was suggested that the absolute postexercise muscle glycogen
concentration may be a more influential factor than preexercise
glycogen concentration in relation to modulation of exercise-
induced cell signaling. Indeed, a recent meta-analysis confirmed
that CHO restriction is more likely to augment exercise-induced
molecular responses if the absolute difference in postexercise
muscle glycogen concentration between train-high and train-low
trials is >200 mmol/kg dw (Diaz-Lara et al., 2025).

When considered from a practical perspective, such data
demonstrate the necessity to commence each training session with
the concentration of preexercise muscle glycogen that is aligned to

the intensity and duration of the session but that will still permit
glycogen depletion to those “low” concentrations (i.e., <200 mmol/
kg dw) associated with the activation of nutrient-sensitive cell
signaling pathways. When considered this way, the strategic
periodization of train-low sessions is perhaps best applied accord-
ing to the previously communicated fuel for the work required
paradigm; moreover, athletes should only complete deliberate
train-low sessions when the desired training intensity and volume
will not be compromised. To illustrate such concepts, Table 2 and
Figure 4 provide a theoretical model for CHO periodization that is
tailored for a male professional road cyclist.

Despite the clear physiological rationale for carefully sched-
uled periods of training low (see Figure 3C), it is noteworthy that
definitive evidence supporting that this approach to training in-
duces superior improvements in performance is currently limiting.
However, given that the metabolic adaptations associated with train
low are especially relevant for prolonged cycling (i.e., increased
muscle oxidative capacity and lipid oxidation), future studies
should utilize performance testing protocols (e.g., exercise dura-
tions of 4-6 hr) in which such physiological adaptations are more
likely to translate to improved exercise performance. Finally, this
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Figure3 — (A) Anoverview of train-low models that have been adopted in research studies. (B) Effects of reduced CHO availability on acute cell signaling
and gene expression responses in skeletal muscle. Reduced muscle glycogen enhances both AMPK and p38MAPK phosphorylation that results in activation
and translocation of PGC-1a and p53 to the mitochondria and nucleus to induce the expression of mitochondrial and nuclear encoded genes that underpin
endurance training adaptations. Exercising in conditions of reduced CHO availability also increases adipose tissue and intramuscular lipolysis via increased
circulating adrenaline concentrations whereby the resulting elevation in FFA activates the nuclear transcription factor (PPARS) to increase expression of proteins
involved in lipid metabolism. The augmented phosphorylation of AMPK and enhanced availability of FFA may also serve to reduce muscle protein synthesis
and autophagy via impaired mTOR-mediated signaling pathways. However, consuming preexercise meals rich in CHO and/or CHO during exercise can
downregulate lipolysis (thereby negating FFA-mediated signaling) as well as reducing both AMPK and p38MAPK activity, thus having negative implications
for downstream regulators. (C) Effects of chronic periods of train low on skeletal muscle adaptations and functional outcomes associated with exercise
performance. The protein content of fatty acid transporters and key enzymes involved in aerobic metabolism (B-oxidation, TCA cycle, and electron transport
chain) are all augmented (highlighted in green), resulting in increased IMTG oxidation and a concomitant reduction in glycogen oxidation during exercise.
CHO = carbohydrate; CS = citrate synthase; Cyc C =cytochrome C oxidase; FA-CoA = fatty acyl-CoA; FABP = fatty acid binding protein; LPL = lipoprotein
lipase; UCP3 = uncoupling protein 3; PDK4; = pyruvate dehydrogenase kinase 4; CD36 = cluster of differentiation 36; HK =hexokinase; FFA = free fatty acids;
FTP=functional threshold power; GIl1P=glucose 1-phosphate; G6P=glucose 6-phosphate; IMTG =intramuscular triglycerides; RPE =rating
of perceived exertion; SDH = succinate dehydrogenase; TT =time trial; PGC-1a = peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
PPAR = peroxisome proliferator-activated receptor; AMPK = AMP-activated protein kinase; p38MAPK =p38 mitogen-activated protein kinase; mTOR =
mammalian target of rapamycin; TCA = tricarboxylic acid.
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field of investigation would benefit from a concerted effort to study
the effects of CHO periodization and train-low strategies in male
and female elite cyclists (i.e., Tiers 4 and 5), especially when
applied across the typical sessions and training block that are
summarized in Table 2.

Protein Requirements for Training
Adaptation and Recovery

In addition to CHO and fat oxidation, endurance exercise also
increases amino acid oxidation (Lamont et al., 1999), although
amino acids typically only contribute 1%—-6% of the total energy
cost (Tarnopolsky, 2004). Nonetheless, when considering the
exercise intensity, volume, and frequency of the training sessions
typically completed by elite athletes (e.g., Tier 4 and 5 road cyclists
may complete 25-35 hr/week), this represents a net loss of amino
acids that needs to be replaced. Indeed, a recent meta-analysis
reports that the additional protein oxidized during exercise
(i.e., over and above resting metabolism) equates to
1 mgkg “min~" (Clauss & Jensen, 2025). Moreover, exercise
induces an increase in protein turnover to remodel tissues such as
the heart, lungs, and muscle. During postexercise recovery, protein
breakdown and synthesis rates are increased, which allows dam-
aged and/or old proteins to be replaced. This increase in exercise-
induced protein turnover can be further enhanced by protein
ingestion. Thus, dietary protein is not simply an energy substrate
but also an important precursor and signal to remodel tissues.
Although much research has focused on protein supplementation as
a strategy to improve the adaptive response to resistance exercise
(Trommelen et al., 2019), there is increasing interest in the role of
protein intake to improve recovery, body composition, and the
adaptive response to endurance exercise (Moore et al., 2014;
Witard et al., 2025; see Figure 5).

TRAINING ADAPTATION AND RECOVERY 13

Daily Protein Requirements to Support Training
Adaptation

There are limited data on the impact of chronic protein supple-
mentation during prolonged cycling training programs (Jonvik
et al., 2019; Knuiman et al., 2019); hence, much of our current
understanding of protein requirements in endurance athletes is
derived from acute metabolic studies. The indicator amino acid
oxidation method has emerged as a novel tool to estimate the
protein intake to maximize whole-body protein synthesis rates
(i.e., the optimal protein intake; Trommelen & Van Loon, 2021).
The indicator amino acid oxidation method has been applied to
assess the optimal daily protein intake in runners (Kato et al., 2016;
Williamson et al.,, 2023), though it has not yet been applied
specifically in cyclists. The protein intake to maximize whole-
body protein synthesis rates was estimated at 1.5-1.6 g-kg™'-day ™"
based on a training day comprising a 20-km run (Kato et al., 2016;
Williamson et al., 2023) and 2.1 gkg'-day™ on a rest day
(Bandegan et al., 2019). The higher optimal intake on a rest day
is surprising but consistent with recent observations that a greater
amount of protein is required on a rest day compared with a day
when either a 10- or 20-km run is performed (Moore et al. 2024).
Such data suggest that the optimal intake for endurance athletes is
not primarily driven by protein’s role as an energy substrate or by
exercise volume but, rather, by the need to supply sufficient amino
acids as precursors and anabolic signals for tissue remodeling. It
should be noted that these estimates represent the average optimal
protein intake and, thus, by definition, only cover the optimal
intake in ~50% of endurance athletes. Therefore, a higher protein
intake is required to meet the optimal intake of most individual
athletes, and 1.6-2.1 gkg'-day™' could be considered the lower
limit of recommendations.

A limitation of the assessment of whole-body protein net
balance is that it may not be sensitive enough to detect changes in

Daily CHO intake

Daily CHO intake

Daily CHO intake

Daily CHO intake

13.4 - 16.1 g.kg! 8.3-10.1 g.kg! 11.9-13.6 g.kg! 9.0 - 9.5 g.kg!
900 7AM 10 PM 7AM 10 PM 7AM 10 PM 7AM 10 PM
800 (Re)fuelling for th Re)fuelling for th Re)fuelling for th

800 o uelling for the (Re)fuelling or the (Re)fuelling or the
— * work required work required work required
3 9
3 700 '@t @t ()
o 4-5 g.kg-! 10gkg' 600 5.5-6 g.kg-!
3. 600 \ — — x°~. —
£ 500 3 K x
c K K ‘\
g % g . 400
8 400 “‘ 350 £ ‘\‘ .- O S 350
2 s -0~ 4 ', -3
m ‘\ " ‘ “Q "' ‘\ ’I’
o 300 3 r y 5 -
3 200 150 .o 150 .0

0-* . K ‘o-
.. 100,
100 0
5 h Intense Effort 4 h Prolonged
0 Session 5 h Long General Efforts Session 1 h Recovery
10:00 15:00 10:00 15:00 10:00 14:00 10:00 11:00
(Pre) (Post) (Pre) (Post) (Pre) (Post) (Pre) (Post)
DAY 1 DAY 3 DAY 4
Figure 4 — Schematic illustration demonstrating the fluctuations in estimated muscle glycogen concentrations across the typical 4-day training block

described in Table 2. Daily CHO intake encompasses CHO consumed between 7 a.m. and 10 p.m. on a given day, whereas the CHO intake representing
“refueling for the work required” is that consumed across the timescale between consecutive training sessions, that is, between 3 p.m. and 10 a.m. on the
subsequent day. Muscle glycogen concentration is classified as low (<250 mmol/kg dw), medium (250—-600 mmol/kg dw), or high (>600 mmol/kg dw),
colored red, amber, and green, respectively. CHO = carbohydrate.
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Amino acids COz
[

ETc

Increased
amino acid oxidation
resulting in a lower
whole-body protein net balance

Increased
myofibrillar
protein turnover

Further stimulate
myofibrillar protein synthesis
(30 g/meal)

Improve
whole-body protein
net balance
(1.6-2.1 g-kg™'-d™)

T

Increased Muscle glycogen
mitochondrial depletion
protein turnover
Further stimulate Improve

mitochondrial protein synthesis
(45 g prior to sleep)

glycogen repletion
when CHO intake is
suboptimal (<1.2 g-kg™'-h™)

t t

Figure 5 — The role of protein intake in facilitating training adaptations and recovery. The upper component highlights the effects of acute cycling
exercise, whereas the lower component demonstrates the role of protein-rich foods in modulating whole-body protein balance, muscle remodeling, and

potential restoration of glycogen stores. CHO = carbohydrate.

the adaptive response of specific tissues (e.g., muscle) or protein
fractions (e.g., force generating myofibrils or energy producing
mitochondria). Several studies have assessed the impact of
protein ingestion on muscle protein synthesis rates following
a bout of cycling. These studies have consistently demonstrated
that protein ingestion increases postexercise myofibrillar protein
synthesis rates (Breen et al., 2011; Churchward-Venne et al.,
2020; Coffey et al., 201 1; Trommelen, van Lieshout, Nyakayiru,
etal., 2023). Specifically, a dose—response study comparing 15-,
30-, and 45-g protein intake observed that the 30-g dose was
sufficient to maximize myofibrillar protein synthesis rates over a
6-hr postexercise period (Churchward-Venne et al., 2020),
although a larger dose may potentially prolong the muscle
protein synthetic response (Trommelen, van Lieshout, Pabla,
etal., 2023). Only one of the aforementioned studies observed an
increase in postexercise mitochondrial protein synthesis rates
(Trommelen, van Lieshout, Nyakayiru, et al., 2023). In contrast
to the other studies, protein (45 g) was supplemented 2.5 hr
after exercise, and mitochondrial protein synthesis was assessed
over a more prolonged (overnight) period. In line with these
findings, it has been proposed that mitochondrial response to
protein ingestion is delayed compared with myofibrillar protein
(Bagheri et al., 2022). Altogether, a relatively large amount of
protein per meal (30—45 g) is required to maximize the muscle

adaptive response for ~6 hr in cyclists, which is consistent with
an optimal daily protein intake of 1.6-2.1 g-kg™'-day™".

Protein Intake During Energy and/or CHO
Restriction

Habitual protein intake in elite endurance athletes has been re-
ported to be 1.5-1.9 g-kg"-day™" (Burke et al., 2003; Gillen et al.,
2017), though actual intake is likely higher due to underreport-
ing (Wardenaar et al., 2015). Protein intake during the Tour de
France and Vuelta a Espafia has also been reported to exceed
3 g-kg'-day™" (Muros et al., 2019; Saris et al., 1989). Such high
protein intakes are not surprising as protein intake strongly corre-
lates with energy intake (Gillen et al., 2017). In contrast to
competitive events such as the Grand Tours, sufficient daily protein
intake may be more of a concern during periods of intentional
energy restriction, which is common in specific training phases
where a rider may be attempting to improve their power-to-weight
ratio. During such periods of energy restriction (and low energy
availability), a protein intake of at least 1.6 g-kg'-day™ is re-
commended to maintain lean body mass (Pasiakos et al., 2013),
though requirements are likely >2 g/kg owing to the training
volume that typically accompanies such periods of intentional
energy restriction. With this in mind, it is noteworthy that
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CHO-restricted training (i.e., the train-low models discussed in
Section “Carbohydrate Requirements for Fueling, Recovery, and
Training Adaptation”) can increase the optimal daily protein intake
by ~0.12 g-kg '-day ™" (Gillen et al., 2019). A practical approach to
compensate for this increased demand may be to consume addi-
tional protein before and/or during such training sessions as protein
ingestion does not appear to inhibit the activation of the molecular
pathways that regulate the adaptations associated with training in a
CHO-restricted state (Taylor et al., 2013). Furthermore, consump-
tion of whey protein 1 hr before (22 g) and during 2 hr of cycling
exercise (11 g/hr) does not impair circulating free fatty acid
availability, the latter recognized as a potential signaling mecha-
nism regulating the enhanced oxidative adaptations associated with
train low (Impey et al., 2015).

Protein Timing, Distribution, and Type

Besides daily intake, there has been much interest in when protein
should be ingested and/or whether the type of protein impacts the
anabolic response. Most of this research has been based on
resistance exercise, but it seems likely that these concepts also
apply to endurance exercise. Protein timing refers to the sugges-
tion that immediate postexercise protein ingestion may result in a
larger adaptive response when compared with a more delayed
intake. However, the increased sensitivity to protein ingestion
following exercise can exceed 24 hr (Burd et al., 2011). Protein
distribution refers to the suggestion that the anabolic response to
protein ingestion is modulated by how the total amount is
distributed throughout the day. The main support for this concept
comes from the observation that the ingestion of 80 g of protein
consumed as 20 g of protein every 3 hr resulted in a higher muscle
protein synthesis rate compared with the protein ingested as 10 g
of protein every 1.5 hr or 40 g of protein every 6 hr during
recovery from a bout of resistance exercise (Areta et al., 2013).
However, most of the evidence does not support that protein
distribution impacts protein anabolism (Trommelen et al., 2024).
Nevertheless, protein timing and distribution are relatively easy to
implement as a “just in case” for motivated athletes. Athletes
typically consume most of their protein intake during the three
main meals: breakfast, lunch, and dinner (Gillen et al., 2017).
Supplementing protein during/after exercise and prior to sleep are
practical tools to improve total daily protein intake, timing, and/or
distribution.

It is generally recognized that most animal-based protein is of
higher quality than most plant-based protein sources (Pinckaers
et al.,, 2021). This is attributed to a higher digestibility, higher
essential amino acid content, and/or more balanced amino acid
profile of animal- compared with plant-based protein. However, the
lower protein quality of plant-based protein to stimulate muscle
anabolism can be compensated for by a higher protein intake and/or
the consumption of a plant-protein blend that has a more balanced
amino acid composition (Gorissen et al., 2016; Pinckaers et al.,
2022; Van Der Heijden et al., 2024). Accordingly, no difference in
the adaptive response to resistance exercise was observed between
a vegan and an omnivorous high-protein diet (1.6 g-kg'-day™;
Hevia-Larrain et al., 2021). It should be noted that both treatments
needed protein powder supplementation to achieve the target
protein intake. Whey protein is typically considered the highest
quality and most rapidly digesting, making it well suited for
supplementation and/or consumption during prolonged exercise
(Impey etal., 2015). Collagen protein supplementation has recently
emerged as a potential intervention to stimulate collagen protein

TRAINING ADAPTATION AND RECOVERY 15

synthesis, which may be beneficial for injury repair and/or tissue
repair in athletes (Shaw et al., 2017). However, current data
examining direct measures of collagen protein synthesis in humans
do not support its efficacy (Aussieker et al., 2023). Taken together,
due to the high habitual protein intake in cyclists, protein anabolism
is likely maximized regardless of timing, distribution, or the type of
protein ingested.

Dietary Protein to Increase Postexercise
Glycogen Resynthesis

Although CHO availability is the main determinant of postexercise
glycogen resynthesis, protein coingestion can further improve
muscle glycogen synthesis rates (Margolis et al., 2021). This effect
can likely be attributed to an increased insulinogenic response to
CHO and protein coingestion (Van Loon et al., 2000). However,
protein coingestion does not further improve muscle glycogen
synthesis rates beyond what can be achieved with an optimal CHO
ingestion rate of 1.2 g-kg™"-hr™" (Margolis et al., 2021). Only a
single study has assessed the impact of protein coingestion on liver
glycogen repletion (Detko et al., 2013). Liver glycogen repletion
did not differ between the protein—glucose coingestion treatment
(0.4 and 0.8 g-kg '-hr™!, respectively) and the isocaloric CHO
treatment (1.2 g-kg™"-hr™"). Collectively, these data suggest that
protein coingestion can improve glycogen repletion when CHO
intake is suboptimal (<1.2 g-kg™"-hr™").

In summary, current evidence suggests that endurance athletes
should promote a daily protein intake of at least 1.6—
2.1 gkg '-day™'. It is noteworthy, however, that further research
is required to refine such guidelines for the elite cyclist (in both
male and female athletes), especially when considering the differ-
ing training modalities, volumes, structure of daily training, and
associated nuances (e.g., hypertrophy, train-low and weight-loss
strategies, etc.) across the differing disciplines of cycling.

The Emerging Role of Nutraceuticals
and Functional Foods in Training
Adaptation and Recovery

Nutraceuticals and functional foods are food-derived substances
and enhanced ordinary foods. Strategic use of these substances may
facilitate recovery and adaptation through mitigation of inflamma-
tion, facilitation of muscle repair, minimization of soreness, and
enhancement of sleep during periods of high training and compe-
tition strain. This section will discuss select nutraceuticals and
functional foods that have evidence to support their use in facili-
tating recovery and training adaptations within a relevant time-
scale. We also consider whether interventions aimed at mitigating
exercise-induced stress may inadvertently dampen adaptive poten-
tial and, thus, explore whether there is a need to consider recovery
versus adaptation when formulating nutritional periodization strat-
egies. As ergogenic aids and supplements are discussed elsewhere
in this Union Cycliste Internationale consensus statement
(Whitfield et al., 2025), a focus on foods and food-derived nutrients
is taken here.

Tart Cherry Juice

Tart cherry juice has emerged as a functional food with potential to
alleviate muscle soreness, enhance sleep, and facilitate recovery
and, thus, has potential application during periods of high training
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volume and competition to accelerate recovery within a narrow
window. Tart cherries contain melatonin, carotenoids, hydroxy-
cinnamates, and several flavonoid groups with antioxidant and
anti-inflammatory properties. Several studies have demonstrated
small to moderate beneficial effects of tart cherry use for the
recovery of muscle function, modulation of systemic exercise-
induced inflammation, and attenuation of muscle soreness after
intense and damaging exercise (Dehghani et al., 2025; Hill et al.,
2021). The type of cherry cultivar in all these studies was tart
Montmorency cherries, provided as cherry juice from concentrate
and juice from fresh-frozen cherries. Doses have typically ranged
from 60 to 90 ml of tart cherry concentrate per day, with variable
estimated cherry content, typically providing 500-1,000 mg of
polyphenols. Notably, studies that used tart cherry concentrate gel
or tart cherry powder failed to show benefits.

From a practical perspective, it takes several days of tart cherry
juice consumption to elicit measurable changes in markers of
antioxidant status or systemic inflammation; therefore, a preload-
ing approach 4-7 days prior to and during an event or major
competition may be required. Given the importance of both
adaptation and recovery in cycling, where stage racing or short
recovery windows between competition rounds necessitates rapid
recovery of muscle function and training periods emphasize stress-
induced adaptation, nutrition strategies should focus on integrating
a variety of polyphenol-rich foods due to their anti-inflammatory
and antioxidant properties (Rana et al., 2022; Seeram et al., 2008;
Zheng & Wang, 2003). In this sense, collaboration with perfor-
mance chefs to enhance dietary diversity may be the most effective
and sustainable approach to optimizing both recovery and long-
term performance. Alternatively, deliberate use of tart cherry juice
could be acutely employed around competitions and intense train-
ing blocks.

Vitamins and Antioxidants

Vitamins are essential nutrients, and therefore, avoidance of
deficiencies is paramount to support athlete health. Vitamin C
(ascorbic acid) and vitamin E (a-tocopherol), abundant in citrus
fruits, berries, and vegetables (vitamin C) and nuts, seeds, and
leafy greens (vitamin E), contribute to recovery and adaptation
when obtained through a balanced diet. Their use as nutraceuticals
has also been investigated together and in isolation as potential
aids to muscle recovery following intense exercise. A Cochrane
review of 50 studies identified that high-dose supplementation
does not result in a clinically relevant reduction of muscle
soreness after exercise (Ranchordas et al., 2020). Although as-
corbic acid and a-tocopherol act as free radical scavengers, it is
unlikely that vitamins C and E could accumulate in sufficient
quantities within the cell and outcompete innate antioxidant
defense systems and, thus, blunt the exercise response (Cobley
et al.,, 2015; Owens et al.,, 2019). Beyond muscle recovery,
however, vitamin C plays a crucial role in immune function, and
levels significantly decrease during infections (Ayres &
Schneider, 2012; Hemild, 1992). Therefore, vitamin C supple-
mentation between 0.25 and 1.0 g/day has been shown to reduce
the incidence of upper respiratory infections in athletes undergo-
ing heavy exertion, with a meta-analysis demonstrating a 52%
reduction in upper respiratory infection incidence (Hemild &
Chalker, 2013). This suggests that during periods of heightened
stress, such as intense training and competition, vitamin C can
support immune resilience and may facilitate recovery during
repeat bouts of heavy exertion. Further strategies to support

immunity are considered in detail elsewhere in this consensus
statement (Wilson et al., 2025).

Vitamin D, produced via exposure to sunlight (ultraviolet B
radiation) and found in small quantities in oily fish and dairy
foods, is an important secosteroid hormone with a multitude of
biological functions, such as calcium homeostasis, tissue repair,
energy metabolism, and immune function. Vitamin D deficiency
is common in athletes when sunlight exposure is limited (Owens
et al., 2018), such as when covering the skin with clothing, when
training indoors, and during the winter months when production
of adequate vitamin D in the skin is limited (Chen et al., 2007).
Vitamin D deficiency hampers muscle repair and remodeling
(Barker et al., 2011; Owens et al., 2015) and skeletal muscle
energy metabolism (Ashcroft et al., 2020; Sinha et al., 2013). To
this end, deficiency should be avoided primarily to optimize
health and to support recovery and adaptation. Athlete support
personnel should seek to test for total serum 25[OH]D by liquid
chromatography tandem mass spectrometry. Contemporary
advice suggests that serum 25[OH]D > 75 nmol/l is optimal and
levels >180 nmol/L should be avoided. This can be achieved with
1,000-2,000 IU (25-50 png) per day when sun exposure is limited
and serum 25[OH]D < 75 nmol/L (Cashman et al., 2008; Harrison
et al., 2021).

Omega-3 Polyunsaturated Fatty Acids

Omega-3 polyunsaturated fatty acids, particularly eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA), play essential
roles in maintaining cellular membrane integrity, modulating
inflammatory responses, supporting cardiovascular health, and
contributing to neural and retinal function, primarily through their
involvement in bioactive lipid mediator synthesis and membrane
fluidity (Calder, 2017). Their role as nutraceuticals in a sports
context is owed to their capacity to modulate inflammation, muscle
recovery, and adaptation (DiLorenzo et al., 2014; Marques et al.,
2015; Tartibian et al., 2009, 2011; Therdyothin et al., 2024).
Despite their importance, many athletes fail to consume adequate
amounts and have suboptimal omega-3 status (Anzalone et al.,
2019; Davinelli et al., 2019; Ritz et al., 2020; Wilson & Madrigal,
2016), primarily due to low intake of fatty fish or omega-3-rich
foods.

Omega-3 status can be assessed from dietary recall and
using blood biomarkers such as erythrocyte omega-3 index,
which reflects long-term dietary intake and incorporation into
cell membranes. An omega-3 index of 8% or higher is consid-
ered optimal, whereas levels below 4% indicate inadequate
omega-3 status (Harris & von Schacky, 2004). To maintain
optimal omega-3 status, athletes should prioritize regular con-
sumption of omega-3-rich foods, such as fatty fish (e.g., salmon,
mackerel, sardines) or fortified products. When dietary intake is
insufficient (<1 g/day) and omega-3 index is <4%, 1-2 g/day of
combined EPA and DHA can help maintain adequate levels. The
risk of inadequate n3-polyunsaturated fatty acid intake is espe-
cially high in vegetarian and vegan athletes. The optimal dose
response for athletes is not known; however an initial study
found that Olympic athletes needed 1.5-2 g/day of EPA + DHA
for a minimum of 16 weeks to reach the omega-3 index threshold
of >8% (Drobnic et al., 2017).

It is important to distinguish between maintaining optimal
omega-3 status and the use of high-dose omega-3 supplementation.
Some studies have explored high doses (e.g., 25-g omega-3 per day
providing ~3,500-mg EPA and 900-mg DHA) in the context of
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enhancing anabolic signaling, particularly during immobilization
(McGlory et al., 2019; Smith et al., 2011). However, these doses
exceed what is typically needed for general recovery and inflam-
matory control in athletes and are difficult to achieve without
supplementation as even farmed salmon contains highly variable
omega-3 levels (Nichols et al., 2014) and consuming typical
portions would provide substantially less EPA and DHA than
amounts used in research settings (Henriques et al., 2014). There-
fore, although ensuring sufficient omega-3 intake supports recov-
ery and adaptation, targeted high-dose strategies should be
considered separately, with further research needed to clarify their
specific benefits in athletic populations.

A Word of Caution on Promoting Recovery
Versus Blunting Adaptation

The long-term impact of recovery strategies on training adapta-
tion and athletic development is an area of both interest and
debate as interventions aimed at mitigating exercise-induced
stress may theoretically dampen adaptive potential. Many nutri-
tional strategies have the potential to influence oxidative stress
and inflammation, both of which play crucial roles in the
adaptive response to exercise and are not merely symptoms of
exertion (Close & Jackson, 2014; Langston & Mathis, 2024).
This raises questions about whether chronic use of targeted
functional foods and nutraceutical recovery strategies could lead
to maladaptive responses, potentially impairing long-term ath-
letic development. In a professional cycling context, this trade-
off is particularly relevant when distinguishing between training
and competition demands. During stage racing, for example,
rapid recovery is a key goal of performance nutrition due to the
limited time between stages, and little is known about repeated
exercise-induced oxidative challenge and inflammation. Here,
interventions that modulate inflammation, support immune resil-
ience, improve sleep, and mitigate muscle soreness may be
beneficial. During training, overuse of recovery-focused nutri-
tional strategies in this phase could theoretically dampen key
adaptive signals, potentially limiting long-term performance
gains. If the goal is adaptation, a cautious approach is warranted
wherein athletes and practitioners adopt a periodized food-first
but not food-only (Close et al., 2022) nutritional strategy that
aligns with the differing demands of training and competition.
This aligns with the concept of hormesis (Radak et al., 2005),
which suggests that biological systems respond in a bell-shaped
manner wherein a moderate stressor (i.e., reactive oxygen spe-
cies) enhances adaptation, but excessive stress may impair
function and necessitate intervention.

Nutritional Modulation of Sleep

Sleep and Cycling Performance

Sleep is widely acknowledged by athletes and coaches as a key
recovery strategy, with increasing awareness of the detrimental
effects of sleep deprivation on athletic performance, cognitive
function, immune health, and psychological well-being (Halson,
2019). Despite such recognition, elite athletes frequently report
suboptimal sleep duration and quality, particularly during periods
of intensified training (Walsh et al., 2021). In professional cycling,
recent investigations have objectively monitored sleep behavior
during both training and competition. For example, Sargent et al.
(2022, 2024) reported average sleep durations of 6.8 hr during the
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Tour Down Under, 7.2 hr during the Tour de France, and 7.5 hr
during the Tour de France Femmes. Although these values reflect
maintenance of sleep during competition, cyclists’ sleep during
baseline training (6.6—6.7 hr) was often less than the self-reported
sleep requirements to feel rested (8.2-8.9 hr), as reported in both
track and road cyclists (Sargent et al., 2021). These findings
suggest that training phases may present a greater risk for sleep
restriction than competition, potentially due to inadequate empha-
sis on sleep hygiene or behavioral prioritization in the training
environment compared with competition. Indeed, reasons for
reduced sleep quality and duration in athletes may include stress
and anxiety, high training volumes, social media/streaming, caf-
feine intake, and a lack of attention to promoting sleep hygiene
(Walsh et al., 2021). Sleep restriction has been shown to impair
endurance performance, particularly during exercise bouts exceed-
ing 30 min in duration (Lopes et al., 2023). Conversely, three nights
of sleep extension has been associated with the maintenance of
time-trial performance in endurance-trained individuals (Roberts
et al., 2019). Given the role of sleep in thermoregulation, pain
perception, glycogen resynthesis, and psychological resilience
(Dean et al., 2023; Martin et al., 2016), strategies to protect and
enhance sleep during both training and competition phases should
be considered integral to an athlete’s recovery tool kit. Although
further research in elite cyclists is warranted, the strategic use of
naps may offer a pragmatic means to offset insufficient noctur-
nal sleep.

Sleep and Nutrition
Dietary Patterns and Sleep Quality

There is growing recognition of the bidirectional relationship
between nutrition and sleep wherein habitual dietary patterns
may influence sleep quality, and conversely, poor sleep may
alter food choice and energy intake (Zuraikat et al., 2021).
Observational and interventional studies suggest that diets
characterized by higher intakes of fiber, lean protein, fruit,
and vegetables and lower saturated fat content are associated
with improved sleep outcomes. These include enhanced sleep
efficiency, reduced sleep onset latency, and favorable shifts in
deep and rapid eye movement sleep (Wilson et al., 2022). In
contrast, diets high in sugar and saturated fat have been
consistently associated with lower sleep quality and reduced
sleep duration (Sutanto et al., 2020; Wilson et al., 2022).
Finally, evidence suggests a relationship between caloric
restriction and the sleep—wake cycle in healthy normal-weight
men wherein energy restriction increases sleep duration (Collet
et al., 2016). Though comparable studies in athletes are lack-
ing, it is noteworthy that CHO restriction before bed (as
achieved during a 3-week train-low sleep-low model of CHO
periodization) reduced sleep efficiency by 1.1% in male triath-
letes, thus suggesting differing effects in athletic populations
undergoing intense training (Louis et al., 2016).

Macronutrient Manipulation and Timing

Beyond habitual dietary patterns, the timing and composition of
evening meals may also impact sleep. High-quality CHO intake in
the hours prior to sleep has been reported to reduce sleep onset
latency and promote more consolidated sleep, although it may
reduce time spent in deep sleep (Wilson et al., 2022). Conversely,
diets with lower CHO and higher fat content may increase deep
sleep at the expense of rapid eye movement sleep (Wilson et al.,
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2022). Specific amino acids, particularly tryptophan, a precursor
to serotonin and melatonin, may also support sleep regulation;
however, there is little high-quality research in athletes. Foods
rich in tryptophan, such as dairy products and some plant-based
protein sources, have, therefore, been proposed as functional
presleep options (Halson, 2014). Importantly, many trypto-
phan-containing protein sources, including dairy-based products,
also provide high-quality protein that supports muscle protein
synthesis and tissue remodeling. As such, presleep ingestion of
protein-rich foods may serve a dual purpose: enhancing sleep
onset and continuity while simultaneously supporting overnight
recovery processes. This dual benefit further underscores the
utility of nutrition periodization strategies that align meal com-
position and timing with recovery.

Micronutrients and Gut Microbiota Links

Several micronutrients have been implicated in the regulation of
sleep, with meta-analyses and large-scale cohort data reporting
positive associations between sleep duration and circulating levels
of iron, magnesium, and zinc, whereas elevated levels of copper,
potassium, and vitamin B;, have been negatively associated (Ji
etal., 2017; St-Onge et al., 2023). Although magnesium is a highly
popular ingredient in many supplements aiming to enhance sleep,
there are very few double-blind, placebo-controlled studies in this
area and none specifically in athletes. Dairy products may support
sleep through multiple mechanisms, including provision of trypto-
phan, key micronutrients, and modulation of the gut microbiota.
Indeed, greater microbial diversity has been associated with
improved sleep efficiency, longer sleep duration, and reduced
nocturnal awakenings (Hepsomali & Groeger, 2021; Wilson
et al.,, 2022). From a practical perspective, athletes should aim
to regularly consume micronutrient-dense whole foods, such as
dairy products, leafy greens, legumes, nuts, seeds, and whole
grains, while ensuring adequate iron and zinc intake, particularly
in periods of high training load or when dietary intake may be
compromised. Where deficiency is suspected or confirmed
(e.g., via blood testing), targeted supplementation of iron, magne-
sium, or zinc may be warranted to support sleep regulation and
broader physiological function.

Novel Multi-Ingredient Sleep Supplements

In addition to whole-food approaches, several recent studies have
investigated the efficacy of proprietary nutritional supplements
containing multi-ingredient blends designed to support sleep.
These formulations typically combine ingredients with purported
effects on melatonin synthesis, neurotransmitter regulation, or
relaxation. Although findings are mixed, improvements in sleep
onset latency and sleep efficiency have been reported, particularly
when tested in free-living environments (Langan-Evans et al.,
2023). In contrast, trials conducted under highly controlled labo-
ratory conditions have shown less pronounced effects, likely due to
a ceiling effect associated with the optimized sleep environment
(Halson et al., 2020; Morrison et al., 2025). This context depen-
dency suggests that the efficacy of such interventions may be
greatest in ecologically valid, high-stress settings, such as those
encountered by elite athletes during training camps or competition.
Accordingly, the strategic and phase-specific use of sleep-support-
ing nutritional interventions may be best considered within the
broader framework of nutritional periodization wherein specific
foods, nutrients, or supplements are deployed in alignment with the
distinct demands of training and competition cycles.

Summary

The present paper has provided a contemporary overview on the
role of nutrition in supporting training adaptation and recovery,
as framed around the concept of nutritional periodization. Where
possible, we have emphasized cycling-based research to sub-
stantiate discussion points and also to provide the basis for many
of the theoretical frameworks and concepts that have been
presented. However, we acknowledge that we have not been
able to discuss strategies for the specific disciplines of cycling or
the array of nuances associated with training for the relevant
determinants of performance across each discipline. Further-
more, as with other areas of sport nutrition research, a major
limitation of our existing knowledge base is the lack of research
conducted in male and female elite cyclists. With this in mind,
the present paper also represents a collective call to action for
coaches, athletes, practitioners, and researchers to readily col-
laborate on both laboratory- and field-based studies to further
evaluate the effects of nutrient availability on training adapta-
tion, recovery, and above all, exercise performance. Importantly,
such research should initially be developed from the accurate
evaluation of the elite cyclist’s current training models and
associated energetic requirements, their habitual nutritional
practices, and associated nutrient status before formulating any
relevant experimental intervention. Moreover, the outcome mea-
sures of adaptation and performance in subsequent intervention
trials should also assess the relevant physiological determinants
of performance and in a manner that mimics real-world compe-
tition as closely as possible.
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Nontechnical Summary

The purpose of training is to induce cardiovascular, respira-
tory, and skeletal muscle adaptations that collectively function to
increase an athlete’s physiological capacity to perform at a specific
intensity for a given duration. From a nutritional perspective, the
traditional consideration to support training has been that of pro-
viding sufficient energy to complete the desired daily training loads
and also recover and prepare for the next training session (i.e.,
fueling and refueling for the work required). In this regard, the most
fundamental goal of nutrition for training is to ensure that an athlete
consumes sufficient daily carbohydrate (CHO) intake to provide
the necessary muscle and liver glycogen stores that are required to
sustain daily training volumes.

However, in addition to providing fuel for training, it is now
increasingly recognized that manipulating what an athlete eats
before, during, and after training can also determine how muscles
adapt to regular training. In this way, deliberately commencing and
recovering from carefully selected training sessions with reduced
carbohydrate availability (albeit without compromising the desired
training volume) may increase the metabolic stress associated with

a given training session, thus amplifying the signal that leads to
increased aerobic adaptations in the first instance. Beyond altering
carbohydrate availability, consuming sufficient daily protein is also
an important goal of nutrition for training adaptation by providing
the necessary amino acids that are required to promote muscle
reconditioning. In addition to macronutrients, recent research has
also demonstrated that micronutrient availability and the use of
functional foods can also determine the extent to which muscles
adapt to training while also affecting wider aspects of recovery,
such as sleep.

Such developments are now the guiding principles underpin-
ning the practice of “nutritional periodization” wherein energy,
macronutrient, and micronutrient availability are deliberately ma-
nipulated across the microcycle, mesocycle, and macrocycle with
the strategic goal to promote training adaptations, support recov-
ery, manipulate body composition, and optimize competition per-
formance. When considered this way, the role of the sport nutri-
tionist in supporting an athlete’s performance extends far beyond
that of competition day.
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