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Abstract: Background/Objectives: Sports supplements have become popular among fitness enthusi-
asts for enhancing the adaptive response to exercise. This review analyzes five of the most effective
ergogenic aids: creatine, beta-alanine, nitrates, caffeine, and protein. Methods: We conducted a
narrative review of the literature with a focus on the sport supplements with the most robust evidence
for efficacy and safety. Results: Creatine, one of the most studied ergogenic aids, increases phos-
phocreatine stores in skeletal muscles, improving ATP production during high-intensity exercises
like sprinting and weightlifting. Studies show creatine supplementation enhances skeletal muscle
mass, strength/power, and muscular endurance. The typical dosage is 3–5 g per day and is safe for
long-term use. Beta-alanine, when combined with the amino acid histidine, elevates intramuscular
carnosine, which acts as a buffer in skeletal muscles and delays fatigue during high-intensity exercise
by neutralizing hydrogen ions. Individuals usually take 2–6 g daily in divided doses to minimize
paresthesia. Research shows significant performance improvements in activities lasting 1–4 min.
Nitrates, found in beetroot juice, enhance aerobic performance by increasing oxygen delivery to
muscles, enhancing endurance, and reducing oxygen cost during exercise. The recommended dosage
is approximately 500 milligrams taken 2–3 h before exercise. Caffeine, a central nervous system
stimulant, reduces perceived pain while enhancing focus and alertness. Effective doses range from
3 to 6 milligrams per kilogram of body weight, typically consumed an hour before exercise. Protein
supplementation supports muscle repair, growth, and recovery, especially after resistance training.
The recommended intake for exercise-trained men and women varies depending on their specific
goals. Concluions: In summary, creatine, beta-alanine, nitrates, caffeine, and protein are the best
ergogenic aids, with strong evidence supporting their efficacy and safety.

Keywords: nutrition; ergogenic aid; performance; exercise

1. Introduction

There is a variety of safe and effective sports supplements. Among them, beta-alanine,
creatine, caffeine, nitrates, and protein are some of the most beneficial supplements for
trained individuals, offering various performance enhancements. Beta-alanine improves
exercise capacity by increasing skeletal muscle carnosine levels, which helps buffer the acid
environment in skeletal muscle and thus reduces fatigue. Creatine improves high-intensity
performance by replenishing phosphocreatine PCr and ATP stores, improving strength,
power, and lean muscle gains. Caffeine enhances alertness and focus and reduces perceived
pain during exercise, improving overall performance. Nitrates, present in beetroot juice
and leafy greens, boost muscle oxygen delivery, enhancing endurance. Protein is crucial for
muscle repair and growth, aiding recovery and promoting skeletal muscle hypertrophy. It
is the scientific opinion of the authors of this paper that these five supplements provide the
most robust ergogenic effect and have a substantive body of evidence to support their use.
Thus, this narrative review aims to provide an update on the scientific evidence vis a vis
these five supplements.
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2. Beta-Alanine

Beta-alanine (BA) is a non-proteogenic amino acid naturally produced in the liver and
found in foods like poultry, fish, and meat [1]. It is a precursor to carnosine synthesis, a
dipeptide that helps buffer hydrogen ions in skeletal muscles, thereby delaying fatigue
during high-intensity exercise [2,3]. Studies have shown that daily supplementation of
4 to 6 g of BA can significantly increase muscle carnosine concentrations. This is beneficial
during anaerobic activities, where lactic acid accumulation leads to a drop in muscle
Ph [4,5]. Athletes engaged in resistance training and high-intensity exercise tend to have
higher muscle carnosine concentrations [4]. However, the response to BA supplementation
varies, with some individuals experiencing greater increases in muscle carnosine than
others [6]. Factors like baseline carnosine levels, dietary habits, and gender can influence
this variability [6,7]. Research has shown that BA supplementation effectively enhances
exercise performance in trained and untrained individuals across various demographics,
including females and the elderly [7,8]. The primary mechanism of BA’s effectiveness lies
in enhancing muscle carnosine concentrations, delaying muscle fatigue by neutralizing
hydrogen ions produced during exercise [2]. A typical BA supplementation regimen
involves a loading phase of 4 to 6 g daily, divided into smaller doses over several weeks,
to maximize carnosine levels [6]. Although paresthesia, a tingling sensation, can occur as
a side effect, it is dose-dependent and generally subsides quickly [9]. BA is considered
safe and effective for enhancing high-intensity exercise performance, improving training
quality, and benefiting a wide range of populations [3,10–14].

Ergogenic Effects

BA is particularly effective in enhancing anaerobic performance by increasing muscle
carnosine levels, which enhances intracellular buffering capacity and delays the onset
of muscular fatigue during high-intensity efforts [3]. Research has shown that BA sup-
plementation is most beneficial in activities lasting between 1 and 4 min, where acidosis
is a limiting factor, and can significantly improve athletes’ anaerobic power and perfor-
mance metrics [3,12,15,16]. A study by Shbib et al. [16] investigated the combined effects
of plyometric training and BA supplementation on anaerobic power and serum carnosine
levels in handball players. The results indicated that average power and peak power
increased significantly more in the BA group (10.4% and 9.1%, respectively) compared
to the placebo group (−1.7% and −6.8%). Additionally, the serum level of carnosine in-
creased more significantly in the BA group (61.8%) than in the placebo group (43.6%),
highlighting BA’s role in enhancing anaerobic performance and muscle carnosine levels.
In another study, Sas-Nowosielski et al. [12] explored the effects of BA supplementation
on climbing performance. The study revealed that four weeks of BA supplementation
significantly improved performance in continuous climbing, lasting about one minute, and
repeated bouts of upper body movements. Although the effects were less pronounced in
shorter-duration climbing, the BA group showed a significant increase in the total number
of moves and time to failure compared to the placebo group, indicating enhanced anaerobic
capacity and endurance. Rezende et al. [15] conducted a systematic review and meta-
analysis of the muscle carnosine response to BA supplementation. The analysis indicated
that BA supplementation substantially increases muscle carnosine content, which plays
a crucial role in enhancing anaerobic performance. The study concluded that almost all
participants (99.3% response [95% CI]) responded positively to BA supplementation, with
significant improvements in muscle carnosine levels and anaerobic performance metrics.
Gross et al. [17] (2014) demonstrated that beta-alanine supplementation improved maximal
and mean countermovement jump (CMJ) power and aerobic energy contribution in elite
alpine skiers, suggesting its effectiveness in sports requiring explosive power. However,
the literature evaluating repeated short-duration sprint tasks does not consistently show
significant improvements with beta-alanine supplementation. Sweeney et al. [18] reported
no significant improvements in power output during repeated five-second sprint bouts.
Similarly, Derave et al. [19] found no significant improvements in 400 m sprint times with
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beta-alanine supplementation, indicating that the benefits of beta-alanine might be limited
to longer-duration anaerobic activities. Recently, Guo et al. [20] investigated the effects of
combining BA supplementation with short sprint interval training on cardiorespiratory
fitness, anaerobic power, and bio-motor skills in volleyball players. Twenty young male
athletes were randomly assigned to two equal groups, undergoing 8 weeks of short sprint
interval training while taking either 4.8 g of BA daily or a placebo (polydextrose). BA
elicited more significant changes in vertical and horizontal jumps than the placebo [20].

Overall, the evidence supports the efficacy of BA supplementation in improving
anaerobic performance, particularly in activities lasting over 60 s. By increasing muscle
carnosine levels, BA enhances the muscle’s ability to buffer hydrogen ions, reducing
fatigue and allowing athletes to sustain high-intensity efforts for longer periods. This
makes BA a valuable supplement for athletes engaged in activities that rely heavily on
anaerobic glycolysis.

BA supplementation has shown mixed results in improving aerobic performance. It
is generally accepted that BA is more effective for high-intensity, short-duration activi-
ties lasting 60–240 s than prolonged aerobic exercises [3,21]. Studies have indicated that
BA can improve time to exhaustion (TTE) in supramaximal cycling [22], 2 km rowing
performance [6,23], and performance in aerobic–anaerobic transition zones in endurance
athletes [24], suggesting overall enhanced endurance capacity. For instance, Smith et al. [25]
demonstrated significant improvements in TTE among participants who supplemented
with BA compared to a placebo group. Ojeda et al. [24] found that both low- and high-
dose BA trials (30 mg·kg−1 and 45 mg·kg−1 of BA) improved physical performance in
endurance athletes. Similarly, a study by Baguet et al. [6] reported modest benefits in a
2000 m rowing time trial, showing that while the effect size was small, it could still be
meaningful for competitive athletes. However, research on BA’s effects on longer-duration
aerobic exercises (over 25 min) is less conclusive. Van Thienen et al. [14] found that eight
weeks of BA supplementation (2–4 g per day) substantially improved sprint performance
at the conclusion of an intense endurance exercise session. Overall, research indicates that
BA offers modest benefits for exercise lasting up to approximately 25 min. Beyond this
duration, positive effects are not consistently observed, highlighting the need for more
research on long-duration aerobic exercise.

BA supplementation has been extensively studied for its performance-enhancing
effects, but its impact on body composition is unclear. The systematic review and meta-
analysis by Ashtary et al. [26] indicated that while BA supplementation significantly
improves exercise performance, particularly in high-intensity activities lasting 60 to 240 s,
its effects on body composition are less pronounced. The meta-analysis found no significant
changes in body mass, fat mass, body fat percentage, or fat-free mass with BA supplementa-
tion, regardless of the dosage or exercise regimen used. Interestingly, to our knowledge, no
studies have examined the effect of beta-alanine combined with diet and exercise on body
composition changes as the primary variable. Individual studies have shown mixed results
supporting these findings. Kern et al. [27] observed increased lean mass in football players
but no significant changes in body composition in wrestlers. Similarly, Glenn et al. [28]
reported improvements in lower-body isokinetic strength without changes in body compo-
sition in female master athletes. Smith et al. [25] found that BA supplementation combined
with high-intensity interval training (HIIT) significantly improved lean body mass in the BA
group compared to the placebo group but did not significantly change body fat percentage
or mass. This suggests that BA, especially when combined with rigorous training protocols
like HIIT, may increase lean body mass but not necessarily reduce fat mass or overall
body weight. Overall, the evidence suggests that BA supplementation should be primarily
considered for its performance benefits rather than its impact on body composition. While
it can enhance certain performance metrics, its effects on altering body composition are less
consistent and likely dependent on individual and contextual factors such as the type of
exercise regimen and the specific population studied (Table 1).
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Table 1. Beta-alanine randomized controlled trials (RCTs).

Reference Supplement Dose and
Duration Results Conclusion

Guo W et al., 2024 [20] 4.8 g daily for 8 weeks Improved vertical and
horizontal jumps

β-alanine had a more significant
effect on muscular power.

Ojeda Á et al.,
2023 [24]

30 mg·kg−1 and
45 mg·kg−1 for

acute trials

Improved performance at maximal
aerobic speed in endurance athletes

High doses of β-alanine have a
greater effect on performance in

aerobic-anaerobic transition zones.

Sas-Nowosielski K
et al., 2021 [12] 4 g/day for 4 weeks

Significant improvements in the total
number of “slaps” on campus board
(intermittent high-velocity climbing),

improved performance on
easy traverse

β-alanine improved performance in
continuous climbing and repeated
upper body movements; it was less

effective for shorter climbs.

Shbib S et al., 2021 [16] 4 times/day for
4 weeks

Increased average and peak power;
greater increase in serum carnosine

levels; decreased fatigue index in the
placebo group

β-alanine supplementation combined
with plyometric training enhances

anaerobic power and carnosine levels
in handball players.

Jaques M et al.,
2019 [23] 3.2 g/day for 4 weeks

Improved body composition and
2 km rowing performance over time;

no significant difference between
placebo and β-alanine groups

β-alanine supplementation tended to
improve rowing performance; further

research is needed.

Smith CR et al.,
2019 [29] 6.4 g/day for 4 weeks

No significant effects on body
composition, muscular strength,

muscular endurance, or intermittent
sprinting performance

There is little to no impact on body
composition parameters or

performance in collegiate rugby
athletes; more research is needed.

Glenn JM et al.,
2016 [28]

800 mg + 8 g dextrose,
4 times/day for

28 days

Significant increase in total work and
peak torque in lower-body isokinetic

strength; no effect on handgrip
strength or body composition

β-alanine supplementation improves
lower-body exercise performance in
female master athletes; there is no

impact on body composition or
handgrip strength.

Bellinger PM et al.,
2016 [22] 6.4 g/day for 4 weeks

Improved TTE in supramaximal
cycling; no effect on 1 km or 10 km

TT performance

Effective for improving TTE in
supramaximal cycling; limited effects
on 1 km and 10 km TT performance

Gross M et al.,
2014 [17] 4.8 g/day for 5 weeks

Improved maximal and mean (CMJ)
power, reduced oxygen deficit, and

enhanced aerobic
energy contribution

β-alanine supplementation improved
explosive and repeated jump

performance in elite alpine skiers.

Kern BD et al.
2011 [27] 4 g/day for 8 weeks

The β-alanine group gained an
average 2.1 lb lean mass compared to

1.1 lb for placebo.

β-alanine appears to augment gains
in lean mass.

Baguet A et al.,
2010 [6] 5 g/day for 7 weeks

Carnosine content increased 45.3% in
soleus and 28.2% in gastrocnemius;

performance in 2000 m rowing
improved by 4.3 s.

β-alanine supplementation improves
performance in highly trained rowers.

Derave W et al.,
2010 [19] 4.8 g/day for 4 weeks

Carnosine content increased
significantly in calf muscles;

improved knee extension torque but
no effect on 400 m sprint time

β-alanine increases muscle carnosine
content and attenuates fatigue in

dynamic contractions but does not
improve 400 m sprint performance in
well-trained track-and-field athletes.

Van Thienen R et al.,
2009 [14] 2–4 g/day for 8 weeks

β-alanine increased peak power
output by 11.4% and mean power

output by 5.0% during final sprints
following a simulated cycling race.

β-alanine supplementation improves
sprint performance during endurance

cycling, particularly during
high-intensity efforts after prolonged

exercise.

Legend: TT: time trial, TTE: time to exhaustion, CMJ: countermovement jump.
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3. Caffeine

Caffeine is the most widely used and well-researched ergogenic aid [30–33]. Athletes
typically consume it to increase performance, mental focus, and perceived energy. Early caf-
feine research investigated its effects on muscle fatigue. Later research conducted by Costill
and colleagues focused on caffeine’s effects on endurance sports. Since then, caffeine’s
role in sports performance, cognitive performance, and body composition has increased
exponentially. Caffeine naturally occurs in food and beverages such as coffee, chocolate,
tea leaves, and kola nuts [31]. It is frequently added to beverages (energy drinks) and can
be consumed as a capsule (anhydrous caffeine). In sports, caffeine is most commonly con-
sumed via pre-workouts and energy drinks [30]. Caffeine exerts its effects through multiple
mechanisms: the antagonism of adenosine receptors, inhibition of phosphodiesterases,
and mobilization of intracellular calcium storage [34]. It acts as an adenosine receptor (A1
and A2A) antagonist [31]. This leads to increased feelings of alertness and concentration.
Additionally, caffeine’s inhibitory effects on the adenosine receptors signal the release of
dopamine, noradrenaline, and glutamate, leading to positive effects on mood. Caffeine is a
nonselective phosphodiesterase (PDE) inhibitor [32]. Inhibition of PDE enzymes in skeletal
muscle and adipose tissues increases concentrations of cyclic adenosine monophosphate
(cAMP). Elevated cAMP concentrations stimulate hormone-sensitive lipase (HSL) activity
and inhibits glycogen phosphorylase activity. This results in increases in fatty acid oxi-
dation instead of glycogen. This glycogen-sparing effect might delay the onset of fatigue.
Caffeine stimulates the release and inhibits the reuptake of calcium in the sarcoplasmic
reticulum [32]. Caffeine can enhance skeletal muscle contraction by releasing Ca2+ ions
into the cytosol, aiding skeletal muscle contraction.

Ergogenic Effects

Numerous studies have reported positive effects of caffeine in endurance sports, es-
pecially running and cycling [30,32,35–37]. Dittrich et al. [38] conducted a double-blind,
crossover, randomized study examining the effects of caffeinated chewing gum on running
performance. After chewing gum, participants completed two exhaustion tests on the
treadmill and maximal voluntary contraction of the knee extensor to assess neuromuscular
fatigue. Time to exhaustion significantly improved in the caffeine group (40.60 ± 8.53 min)
compared to the placebo (33.23 ± 7.41 min). There is no significant difference between the
condition and time for neuromuscular fatigue. Interestingly, Hodgson et al. [35] compared
caffeinated coffee to caffeine. In this crossover, randomized counter-balanced study, partici-
pants (n = 8) were randomly assigned to one of four groups: caffeine (5 mg CAF/kg BW),
instant coffee (5 mg CAF/kg BW), instant decaffeinated coffee, or placebo. Participants con-
sumed drinks 1 h before completing the exercise protocol, which included 30 min of steady-
state cycling followed by a 45 min time trial. No differences in substrate oxidation were
reported in any of the groups. Performance times and average power were significantly
greater in both caffeine drinks (caffeine: 38.35 ± 1.53 min, coffee: 38.27 ± 1.80 min) com-
pared to decaffeinated (40.23 ± 1.98 min) and placebo (40.31 ± 1.22 min). Guest et al. [36]
conducted a study examining the effects of caffeine on endurance exercise and assessed the
influence of genotype. Over the course of three visits, participants consumed anhydrous
caffeine capsules (2 or 4 mg/kg) or placebo 25 min before warming up for the exercise
protocol. The exercise protocol comprised a cycling max exercise test and a cycling time
trial. Additionally, participants’ CYP1A2 genotypes were assessed. Cycling time trial times
were reduced by 4% in the 4 mg group compared to placebo. No statistical differences
were reported between 4 mg and 2 mg and placebo doses. Interestingly, participants with
the genotype characterized as a slow metabolizer (CC homozygous, slow) experienced a
decrease in performance. In line with previous research, the CYP1A2 genotype predisposes
an individual to positive or negative effects of caffeine. These findings confirm caffeine’s
positive effect on endurance exercise and suggest that individuals would benefit from
personalized caffeine recommendations based on genotype.
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Caffeine is beneficial for muscular endurance. However, its effects on muscular
strength are less clear. Astorino et al. [39] conducted a study comparing caffeine (6 mg/kg)
to placebo on one repetition max (1RM) and repetitions to failure on the bench press and leg
press. There were no significant differences between groups in terms of strength outcomes.
Tamilio et al. [40] carried out a study on the test–retest reliability and repeatability of caffeine
consumption on measures of muscular function. Participants completed six trials (3 with
caffeine 3 mg/kg and 3 with placebo) and performed various exercises to measure strength,
power, and muscular endurance. Improvements in measures of muscular strength, power,
and strength endurance were observed in the caffeine group. However, these findings were
inconsistent when comparing individual trials between both groups. Berjisian et al. [41]
examined the effects of caffeine intake on resistance exercise and jumping performance.
Participants consumed either caffeine (6 mg/g), placebo, or nothing (control) 1 h before
completing various exercises. Improvements in muscular strength, endurance, and jump
height but not 1RM velocity were reported in the caffeine group. Wu and Jiang [42]
explored the effects of consuming different doses of caffeine (CAF) before plyometric
jump training (PJT) on sport-related performance and physiological parameters in male
basketball players. Twenty-four young athletes were randomly assigned to three groups
and completed 6 weeks of PJT while consuming either 3 mg/kg body mass of caffeine
(CAF3), 6 mg/kg body mass of caffeine (CAF6), or a placebo (PL) one hour before each
training session. Before and after the 6-week training period, the athletes were assessed
for basketball-specific performance metrics (vertical jump, 20 m sprint, Illinois change of
direction speed [CODS], and maximal strength) and physiological parameters (aerobic
capacity and anaerobic power). Comparative analysis of individual responses to training
indicated that CAF6 resulted in slightly more significant improvements in vertical jump,
maximal strength, and VOmax [42]. Thus, a higher dose of caffeine (6 vs. 3 mg per kg)
ostensibly promotes a greater ergogenic effect.

Despite the conflicting studies, meta-analyses and systematic analyses report improve-
ments in strength and muscular endurance following caffeine consumption [43,44] (Table 2).
The International Society of Sports Nutrition recommends 3–6 mg/kg of body mass for
performance enhancement [30]. For cognitive benefits, doses of 1–3 mg/kg can decrease
reaction time, increase speed, and improve memory [45]. Caffeine is quickly absorbed
within 1 h of ingestion. It should be ingested 30–60 min before competition/exercise for
maximum ergogenic effects. Responses to caffeine vary among individuals due to tolerance,
weight, and sensitivity.

Table 2. Caffeine RCTs.

Reference Supplement Dose and Duration Results Conclusion

Wu S and Jiang H
2024 [42]

3 vs. 6 mg per kg one hour before
training for 8 weeks

The 6 mg per kg dose
worked best.

The higher dose of caffeine improved
aerobic power, strength, and vertical jump.

Tamilio RA et al.,
2022 [40]

3 mg/kg consumed 45 min
before exercise

Increases in countermovement
jump (CMJ), drop jumps (DJ), and

repetitions to failure

Acute caffeine ingestion is beneficial for
muscular strength, power, and muscular
endurance, but it may not have the same

effect every time.

Berjisian E et al.,
2022 [41]

6 mg/kg caffeine ingested 60 min
before exercise

Increases in weight lifted during
1RM, repetitions to failure, and

CMJNo differences in
1RM velocity

Caffeine supplementation can improve
muscular strength, endurance, and

jump height.

Dittrich N et al.,
2021 [38]

300 mg caffeine ingested
immediately before exercise Increase in time to exhaustion Caffeine improves time to exhaustion

in running.

Guest N et al., 2018 [36] 0, 2, or 4 mg/kg caffeine ingested
25 min before warmup

4 mg/kg decreased cycling time
by 4% compared to placebo Caffeine improves cycling time.

Hodgson AB et al.,
2013 [35]

5 mg/kg consumed 1 h
before exercise

4.3% improvement in cycling
time trial

Caffeine is an effective ergogenic aid
in cycling.

Astorino TA et al.,
2008 [39]

6 mg/kg consumed 60 min
before exercise

No differences between 1RM and
repetitions to failure

Caffeine does not have an ergogenic effect
on muscular strength or endurance.
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4. Creatine

Creatine is one of the most widely used ergogenic aids in sports nutrition among
athletes [46–48]. The most common use of creatine for athletes is to increase intracellular
creatine within the muscles, thus increasing creatine phosphate (PCr) availability in the
muscles to increase an individual’s capacity for acute exercise in pursuit of increases
in training adaptations [49–56]. It has been chiefly used by power or strength athletes
for optimal adaptations to training and recovery from PCr exhaustive endeavors [57].
Creatine’s widespread use and extensive research underline its safety and efficacy, making
it a popular and effective supplement for athletes and fitness enthusiasts seeking to optimize
their training outcomes and overall health.

Ergogenic Effects

Supplementing creatine has also been reported to aid in recovery from training [58].
Green et al. observed that the ingestion of creatine (5 g) along with 95 g of glucose increased
the storage of creatine in skeletal muscles [58]. Creatine retention in the muscles was
reported when participants ingested 5 g of creatine along with carbohydrates (47–95 g)
and protein (50 g) [59]. Creatine supplementation has been reported to possibly reduce
muscle damage and/or amplify recovery from intense bouts of exercise [60]. Other prac-
tical benefits from creatine for athletes are a reported reduction in muscle cramping and
dehydration, and a possible reduction in musculoskeletal injuries [61]. Athletes using
creatine reported less incidence of heat illnesses, muscle cramping, muscle tightness, de-
hydration, pulled or strained muscles, non-contact-related injuries, and overall injuries,
and they had fewer missed days of practice [61]. Yamaguchi et al. demonstrated that
28 days of creatine supplementation (3 g daily) reduced exercise-induced muscle dam-
age [62]. Greenwood et al. similarly reported that football players who used creatine were
significantly less likely to experience muscle tightness, muscle strains, muscle cramping,
dehydration, heat illness, and total injuries compared to those not supplementing creatine
in their diet [63]. In addition, Mills et al. demonstrated that a creatine-supplemented group
experienced a more significant increase in leg press, chest press, and total body strength
and leg press endurance versus a placebo [64]. Furthermore, creatine supplementation can
increase regional muscle thickness [55], enhance muscular endurance in rugby players [53],
and increase muscular strength [51,52] and power [50].

In a recent meta-analysis and systematic review, Desai et al. evaluated the additional
impact of creatine supplementation on body composition changes during resistance training
in adults under 50 years old [65]. A total of 1694 records were screened, and 67 full-text
articles were assessed for eligibility, resulting in 12 studies being included in the meta-
analysis. Compared to resistance training alone, creatine supplementation increased LBM
by 1.14 kg (95% CI 0.69 to 1.59), reduced body fat percentage by −0.88% (95% CI −1.66 to
−0.11), and decreased body fat mass by −0.73 kg (95% CI −1.34 to −0.11). No differences
were found between training status or carbohydrate subgroups. Training volume was not
associated with effect size in any outcomes. Supplementing with 7 g or 0.3 g/kg of body
mass of creatine per day is likely to increase LBM by 1 kg and reduce fat mass by 0.7 kg
more than resistance training alone [65]. In perhaps one of the most unique investigations
on creatine, Aguiar et al. [66] determined whether the belief in having ingested creatine, as
opposed to actual creatine ingestion, influenced resistance exercise performance. Fifteen
young men (22 years old) completed four exercise sessions, each consisting of three sets of
squats and bench presses performed to volitional fatigue at a 10RM load, with 1 min rest
intervals between sets. Thirty minutes before each session, participants received one of
the following treatments in a randomized order: (1) no supplement (CON); (2) 0.3 g/kg
dextrose placebo (PLC); (3) 0.3 g/kg dextrose, labeled as creatine (Cr-False); or (4) 0.3 g/kg
creatine, labeled as creatine (Cr-True). Performance was measured by the total number of
repetitions completed and the rate of perceived exertion. Interestingly, the investigators
concluded that the belief in consuming creatine appears to have a similar impact on acute
exercise performance as actual creatine ingestion [66].
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For a more extensive review of the literature on creatine, work by Antonio et al. [48],
Forbes et al. [47], and Candow et al. [47] is recommended (Table 3).

Table 3. Creatine RCTs.

Reference Supplement Dose and
Duration Results Conclusion

Aguiar MS et al., 2024 [66]

Acute consumption of real
creatine vs. fake creatine vs.

placebo (dextrose) vs.
control (nothing)

Results showed that all
treatments led to more

repetitions than control for
both squat and bench press.

The belief in consuming
creatine had the same effect as

creatine itself.

Yamaguchi S et al., 2024 [62] 3 g of creatine or placebo for
28 days

The creatine group had less
muscle soreness.

Creatine has the potential to
enhance recovery vis a vis

muscle soreness.

Mills S et al., 2020 [64]
Participants received 0.0055

g/kg of creatine or placebo for
6 weeks.

The creatine group improved
significantly in chest press, leg
press, total body strength, and
leg press endurance while the

placebo group remained
statistically the same.

Creatine had a positive effect
on both muscle strength and

endurance in participants who
were resistance training.

Candow DG et al., 2011 [55]

6-week study with two
placebo groups and 1 group

consuming 0.15 g/kg of body
weight and another group

consuming 0.10 g/kg of
body weight

Muscle thickness around the
elbow grew significantly in

both creatine groups
compared to placebo groups.
Men on creatine saw greater

increases in leg press in
comparison to women

on creatine.

Creatine during resistance
training shows benefits in
muscle growth around the

elbow compared to placebo.

Chilibeck PD et al., 2007 [53] 8-week supplementation of
creatine 5 g or placebo

Increased repetitions for both
bench press and leg press in

the creatine group

Creatine helps increase muscle
endurance in rugby players.

Hoffman J et al., 2006 [52]
10-week study on the effects
of creatine 5 g, creatine 5 g

with beta-alanine, or placebo

Lean mass and body fat
percentage were improved in
the creatine plus beta-alanine

group, greater strength
improvements were seen in
both the beta-alanine with

creatine groups, and increased
testosterone was seen in the

creatine-only group.

Creatine and beta-alanine in
combination seem to have the
greatest effects on lean body

mass and fat percentage.

Bemben MG et al., 2001 [51]

9-week study involving a
placebo group, a control

group, and another group that
supplemented with 20 g a day
of creatine for five days, and

then with 5 g daily for the
remainder of the study

Increased cell hydration in the
creatine group versus the

placebo and control groups.

Creatine may enhance
cell hydration.

Stone MH et al., 1999 [50]

5 g creatine for one group, or
60% calcium pyruvate and
40% creatine for the other

creatine group in comparison
to a calcium pyruvate group
only, and a placebo group for

a 5-week period

The creatine and the creatine
with calcium pyruvate groups
showed significantly greater
increases for body mass, lean

body mass, one repetition
maximum (RM) bench press,

combined 1RM squat and
bench press, and static vertical

jump (SVJ).

Creatine alone and creatine
mixed with calcium pyruvate
increased training adaptations

associated with body
mass/composition, maximum

strength, and SVJ.
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5. Nitrates

Nitrates are bioactive compounds that produce nitric oxide (NO) in the body. Dietary
nitrates are found in beetroot juice, pomegranate extract, and green leafy vegetables [67–71]
Nitrates were first studied for their role in cardiovascular health and recognized as a
signaling molecule [72]. NO’s vasodilation properties led to studying its effects on exercise
performance. Due to its purported effects, nitrate supplementation has become popular
among endurance athletes. Following consumption, nitrate is first converted to nitrite
and then NO. The primary sources of nitrates and nitrites in the body are dietary sources
and the L-arginine–NO synthase pathway [73]. NO is also produced from a reduction
in nitrate by oral bacteria [74]. Nitrates are vasodilators, increasing oxygen via blood
flow to the muscles. This action is thought to improve muscle function, especially during
aerobic exercise, when oxygen use is greater [68]. Evidence supports the notion that nitrates
influence cellular respiration via an increase in mitochondria biogenesis. Some evidence
also supports the notion that nitrates increase the number of glucose transporters and/or
insulin availability, resulting in improved adenosine triphosphate (ATP) synthesis [73].

Ergogenic Effects

Based on the mechanism of action, nitrates are thought to increase exercise efficiency
by reducing the energy cost of exercise. Larsen et al. [75] examined the effects of nitrate
supplementation on physiological and metabolic parameters during exercise. In this ran-
domized, crossover study, participants were to consume nitrates or a placebo for 3 days,
followed by a 10-day washout period. Subjects were instructed to abstain from consum-
ing foods with high–moderate nitrate content. Following supplementation, participants
completed submaximal and maximal work tests on a cycle ergometer. Heart rate, lactate,
pulmonary ventilation (VE), oxygen uptake (VO2), CO2 (carbon dioxide) output (VCO2),
and respiratory exchange ratio (RER) were measured. At submaximal workloads, a reduc-
tion in oxygen demand (control: 2.98 ± 0.57, nitrates: 2.82 ± 0.58 L min) was reported.
Gross efficiency increased (control: 19.7 ± 1.6%, nitrates: 21.1 ± 1.3%), suggesting the
body used energy more efficiently during submaximal work. This study suggests nitrate
supplementation improves exercise efficiency during submaximal work.

Baily et al. [76] (2009) conducted a randomized crossover study where participants
consumed nitrates (5.5 mmol/day) derived from beetroot juice or a placebo for six days.
Moderate and severe exercise tests were performed on days 4, 5, and 6 of supplementation.
Following nitrate supplementation, oxygen uptake was reduced (BR: 8.6 ± 0.7 vs. PL:
10.8 ± 1.6 mL·min−1·W−1) in moderate exercise and severe exercise (BR: 0.57 ± 0.20 vs.
PL: 0.74 ± 0.24 L/min). Additionally, participants increased their time to exhaustion (BR:
675 ± 203 vs. PL: 583 ± 145 s). Giv et al. noted that eight weeks of soccer training plus
beetroot juice supplementation improved aerobic and anaerobic performance [77].

Yuschen et al. [78] compared the cardiovascular responses to submaximal exercise
following either placebo (PLA) or nitrate-rich beetroot juice (NRBRJ) supplementation in
healthy men. Twelve healthy men (25 years) participated in 30 min submaximal cycle
ergometer exercise trials at 70% of maximal heart rate (HRmax) after consuming either PLA
or NRBRJ, in a randomized order. They discovered that acute NRBRJ supplementation
combined with exercise proved more effective than PLA supplementation in enhancing
aerobic exercise capacity and cardiovascular function in healthy men [78]. Vanhatalo
et al. [79] compared the effects of chronic and acute nitrate supplementation on exercise.
Participants consumed both placebo and nitrates (5.2 mmol in beetroot juice) for 15 days,
with a 10-day washout period between. Blood samples and blood pressure were assessed
on days 2, 5, 8, 12, and 15. Participants completed a ramp incremental cycle test and two
moderate-intensity step tests 2.5 h after the first dosing and on days 5 and 15. During
moderate-intensity exercise, oxygen consumption was lower in the nitrate group at all time
points compared to the baseline and on days 5 and 15 compared to placebo. Peak power
and work rate at the gas exchange threshold (GET) were significantly higher (p < 0.0001)
compared to placebo at day 15. Moreover, no significant changes in blood pressure, the
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oxygen cost of exercise, or exercise performance were observed under placebo conditions,
confirming that the benefits were due to the consumption of nitrates via beetroot juice.

The benefits of nitrate supplementation are not limited to aerobic exercise. Mosher et al. [80]
examined the effects on resistance exercise. In a double-blind, randomized cross-over de-
sign, participants (n = 12) consumed beetroot juice (6.4 mmol of nitrates) or placebo with a
washout period of 72 h. Based on their 1RM, participants completed three sets of bench
press at 60% until failure. A significant improvement in total weight lifted and repeti-
tions to failure were observed. This study demonstrates the positive effects of nitrate
supplementation on resistance-training performance.

The studies show that nitrate supplementation is beneficial for sports performance
(Table 4). For endurance exercise, nitrates primarily decrease oxygen consumption and
improve time to exhaustion. Other studies support the use of nitrates to improve peak
power output and resistance training. A limitation of these studies is the small sample size.
However, numerous meta-analyses and systematic analyses support these findings [67–71].
Beneficial effects on sports performance are reported in doses ranging from 5 to 16.8 mmol
(300–1041 mg) consumed 2–3 h before exercise [81].

Table 4. Nitrate RCTs.

Reference. Supplement Dose and
Duration Results Conclusion

Yuschen X et al., 2024 [78]
Acute consumption of

beetroot juice pre-submax
cycling for 30 min

Beetroot juice improved mean
exercise load.

Beetroot improved aerobic
exercise capacity and

cardiovascular function.

Giv V et al., 2024 [77]
8 weeks of soccer training

plus beetroot juice
supplementation

The beetroot juice supplement
significantly changed aerobic
power, respiratory exchange

ratio, anaerobic threshold,
anaerobic power, field

performance, and fatigue index.

Soccer players may benefit from
supplementing with

beetroot juice.

Mosher SL et al., 2016 [80] 6.4 mmol/day for 6 days in
the form of beetroot juice

Increase in reps to failure and
total weight lifted

Nitrates improve
resistance-training performance.

Vanhatalo A et al.,
2010 [79]

5.2 mmol/day for 15 days in
the form of beetroot juice

Decreased oxygen consumption
and blood pressure

Increased peak power output
and work rate at the gas

exchange threshold

Both acute and chronic nitrate
supplementation lowers blood
pressure, and improves oxygen

efficiency and
exercise performance.

Bailey SJ et al., 2009 [76] 5.5 mmol/day for 6 days in
the form of beetroot juice

Decrease in oxygen
consumption

Increase in time to exhaustion

Nitrate supplementation lowers
oxygen cost and improves

tolerance to exercise.

Larsen FJ et al., 2007 [75] 3 days of 0.1 mmol/kg/day
nitrates or placebo

Decrease in O2 demandNo
differences in HR, lactate, VE,

VE/VO2 or RER at
submaximal workloads

Nitrate supplementation
decreased oxygen demands in

submaximal work.

6. Protein

Protein supplementation has gained significant traction among athletes, bodybuilders,
and fitness enthusiasts due to its well-documented benefits in muscle repair, growth, and
recovery. This section delves into the mechanisms, dosages, benefits, and potential side
effects of protein supplementation, drawing insights from various peer-reviewed studies
and authoritative sources. Protein plays a critical role in muscle protein synthesis (MPS), the
process by which the body repairs and builds new muscle tissues. Proteins are composed
of amino acids, which serve as the building blocks for muscle fibers. Post-exercise, the body
enters a state where it requires an adequate supply of amino acids to repair exercise-induced
muscle damage and to promote muscle hypertrophy. The process of MPS is highly sensitive
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to the availability of essential amino acids (EAAs), particularly leucine. Leucine activates
the mTOR pathway, a crucial regulator of cell growth and protein synthesis [82]. Studies
such as the International Society of Sports Nutrition Position Stand by Jäger et al. [83]
emphasize the importance of high-quality protein sources rich in EAAs for maximizing
MPS and enhancing muscle recovery and adaptation.

Ergogenic Effects

Protein supplementation has been shown to significantly enhance muscle mass and
strength, particularly when combined with resistance training. Naclerio and Seijo [84]
highlight that protein supplementation effectively promotes muscle hypertrophy, especially
in individuals engaging in consistent strength training. Protein’s role in providing the
necessary substrates for MPS underpins these gains in muscle size and strength. Moreover,
post-exercise recovery is crucial for continuous performance improvement and injury pre-
vention. Devries and Phillips [85] discuss how whey protein, a fast-digesting protein source,
can expedite recovery by rapidly supplying amino acids to muscle tissues. This quick
absorption is beneficial immediately after exercise when the muscles are most receptive to
nutrient uptake. In a seminal study by Antonio et al. [86], forty-eight resistance-trained
individuals participated in the study, which compared a normal protein (NP) group con-
suming ~2 g/kg/day and a high protein group (HP) consuming >3 g/kg/day. Both groups
followed a split routine, periodized heavy resistance-training program, and tracked their
training and diet. The NP group gained more weight, but the HP group had more sig-
nificant reductions in fat mass and body fat percentage. Both groups showed significant
improvements in fat-free mass (FFM), strength, and performance measures, with no signifi-
cant differences between groups. No adverse changes in blood parameters were observed.
This is one of the few investigations that has assessed the effects of a high-protein diet
(3.4 g/kg/day) combined with heavy resistance training in trained individuals.

Although typically associated with strength training, protein supplementation benefits
other athletes. It helps repair muscle fibers damaged during prolonged activities, thus
supporting quicker recovery and reducing muscle soreness. The work of Morgan and
Breen [87] indicates that protein hydrolysates can significantly aid in exercise-induced
muscle recovery and adaptation. While protein supplementation, such as soy protein,
can enhance recovery by reducing exercise-induced muscle stress and inflammation, it
does not universally improve performance. For instance, a study on marathon runners
found that continuous protein supplementation helped reduce acute stress markers but
did not significantly enhance endurance performance [88]. Pre-sleep protein intake among
professional cyclists did not provide additional benefits during intense training periods,
suggesting that when athletes already consume a high-protein diet, extra supplementation
might not yield further performance gains [89].

In a recent investigation, Mhamed et al. [90] randomly assigned 29 well-trained
endurance athletes to a whey (30 g/d) or control group. The two groups followed their
specific training regimens during the 2-month intervention. Whey protein supplementation
combined with two months of endurance training resulted in a reduction in body fat
and an increase in leg muscle volume [90]. Kim et al. [91] examined the effects of whey
protein supplementation, with controlled diets, on muscle mass and function improvements
following resistance training. Thirty-two men were randomly divided into two groups:
one receiving whey protein isolate and the other receiving a placebo. Participants were
provided meals tailored to their daily energy needs and followed a supervised resistance-
training program for 60 min per day, six days per week, over four weeks. After the
intervention, the whey protein group showed significantly greater increases in muscle
mass and strength improvements in several muscle groups, including the dominant knee
and shoulder extensors, compared to the placebo group. The whey protein group also
exhibited greater total work output in both the knee and the shoulder extensors [91].
Jacinto et al. [92] discovered that whey protein supplementation was more effective than a
leucine-matched collagen peptide supplement in increasing muscle size, but not strength
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and power, following a 10-week resistance-training program in young adults. In a study
on golfers, Seo et al. split golfers into two groups: One group received a mixed protein
supplement, while the other received a placebo [93]. The supplement contained casein
calcium, whey protein, and isolated pea protein, and participants were instructed to take it
once daily for 8 weeks. They found that consuming a mixed protein supplement containing
animal and plant proteins positively influenced golf performance and muscle function.

A systematic review comparing soy protein with whey found that soy could provide
equivalent benefits in terms of muscle adaptation and antioxidant status but did not
consistently outperform whey regarding VO2max or hormonal responses [94]. The optimal
dosage of protein varies depending on individual factors such as body weight, training
intensity, and overall dietary protein intake. General guidelines suggest that athletes aim
for a protein intake of 1.2 to 2.2 g per kilogram of body weight per day to support muscle
growth and repair. Distributing protein intake evenly across meals can enhance muscle
protein synthesis throughout the day. Consuming 0.4–0.55 g per kilogram of body weight
per meal, as suggested by Mazzulla et al. [95], optimizes muscle protein synthesis and
prevents periods of amino acid deficiency.

Protein supplementation offers many benefits for athletes and individuals looking to
improve their muscle mass, strength, and recovery. By understanding the mechanisms,
optimal dosages, and potential side effects, users can make informed decisions to enhance
their performance and health. The reviewed literature underscores the efficacy and safety
of protein supplementation when used appropriately, making it a valuable tool in the
athletic and fitness community [96] (Table 5).

Table 5. Protein RCTs.

Reference Supplement Dose and
Duration Results Conclusion

Mhamed MB et al.,
2024 [90]

30 g of whey daily for
2 months

Whey > control for body fat
reduction and leg muscle volume.

Whey protein supplementation combined with
2-month endurance training leads to a reduction in
body fat and increased leg muscle volume. ASAT,

ALAT, and CK were also reduced.

Seo J-W et al.,
2024 [93]

8 weeks of a combined animal
and plant-based protein

(60 g/d)

Golfers improved driver distance,
driver ball speed, and grip strength.

The intake of a mixed protein containing both
animal and plant proteins positively affected golf

performance and muscle function.

Kim CB et al.,
2023 [91]

4 weeks of supplementing
with whey vs placebo

The whey protein group showed
significantly greater increases in

muscle mass and strength
improvements in several muscle
groups, including the dominant

knee and shoulder extensors.

Whey protein supplementation enhances muscle
mass, strength, and endurance.

Jacinto JL et al.,
2022 [92]

10 weeks, whey protein
supplementation vs.

leu-matched
collagen peptides

Whey protein had a greater increase
in biceps brachii and vastus

lateralis m. thickness

Whey protein supplementation was more effective
than leucine-matched collagen peptide

supplement in increasing muscle size, but not
strength and power, following a 10-week

resistance training program in young adults.

Naclerio F & Seijo
M 2022 [84]

Varies, typically
20–40 g post-exercise

Significant muscle hypertrophy and
strength gains

Protein supplementation, especially post exercise,
supports muscle hypertrophy and strength in

individuals engaged in regular strength training.

Morgan & Breen
2021 [87]

Varies protein
hydrolysates used

Significant aid in exercise-induced
muscle recovery and adaptation

Protein hydrolysates are beneficial for quick
recovery and adaptation post exercise due to their
rapid absorption and effective amino acid delivery.

Mazzulla M et al.,
2020 [95]

20–40 g post-exercise,
distributed intake

(0.4–0.55 g/kg/meal)

Optimized muscle protein synthesis
throughout the day

Even distribution of protein intake across meals
enhances muscle protein synthesis and prevents

amino acid deficiencies.

Antonio J et al.,
2015 [86] 3.4 vs. 2.3 g/kg/d No difference in LBM gain; higher

dose resulted in greater fat mass loss High protein intakes promote fat mass loss.

Devries MC &
Phillips CM

2015 [85]

20–40 g post-exercise,
fast-digesting protein (whey)

Faster recovery, improved muscle
repair and growth

Whey protein is highly effective for post-exercise
recovery due to its rapid absorption and high

leucine content.
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7. Summary

Beta-alanine, creatine, caffeine, nitrates, and protein are among the most effective
sports supplements that provide various benefits to athletes. Beta-alanine is known for
enhancing exercise capacity by increasing carnosine levels, which helps buffer acid in mus-
cles, thereby reducing fatigue. The recommended dose is 2–5 g per day. Creatine enhances
high-intensity performance by replenishing PCr and ATP stores and improving strength,
power, and lean body mass. The typical dose is 3–5 g per day. Caffeine improves alertness
and focus and reduces pain perception during exercise, improving overall performance.
The suggested dose ranges from 3 to 6 mg per kg of body weight, taken 30–60 min before
exercise. Nitrates in beetroot juice increase oxygen delivery to muscles, thus enhancing en-
durance. A typical dose of 300–500 mg of nitrate is usually consumed 2–3 h before exercise.
Protein is essential for muscle repair and growth, aiding in recovery and promoting skeletal
muscle hypertrophy. The recommended intake varies based on activity level; nonetheless,
1.5 to 2.2 g per kilogram of body weight are recommended. Higher intakes may further
improve body composition via the loss of fat mass. Incorporating these supplements may
help individuals achieve the particular performance and/or body composition goal that
they strive for.
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12. Sas-Nowosielski, K.; Wyciślik, J.; Kaczka, P. Beta-alanine supplementation and sport climbing performance. Int. J. Environ. Res.
Public Health 2021, 18, 5370. [CrossRef] [PubMed]

https://doi.org/10.1016/j.freeradbiomed.2021.07.024
https://www.ncbi.nlm.nih.gov/pubmed/34352371
https://doi.org/10.1123/ijsnem.2013-0125
https://www.ncbi.nlm.nih.gov/pubmed/24457999
https://doi.org/10.1186/s12970-015-0090-y
https://www.ncbi.nlm.nih.gov/pubmed/26175657
https://doi.org/10.1007/s00726-006-0299-9
https://www.ncbi.nlm.nih.gov/pubmed/16554972
https://doi.org/10.1007/s00726-006-0364-4
https://doi.org/10.1152/japplphysiol.00141.2010
https://doi.org/10.1007/s00726-010-0749-2
https://doi.org/10.1016/j.exger.2013.06.003
https://doi.org/10.1093/advances/nmy115
https://doi.org/10.1007/s00726-011-1200-z
https://www.ncbi.nlm.nih.gov/pubmed/22270875
https://doi.org/10.3390/ijerph18105370
https://www.ncbi.nlm.nih.gov/pubmed/34069981


Nutrients 2024, 16, 3247 14 of 17

13. Smith, A.E.; Moon, J.R.; Kendall, K.L.; Graef, J.L.; Lockwood, C.M.; Walter, A.A.; Beck, T.W.; Cramer, J.T.; Stout, J.R. The effects of
beta-alanine supplementation and high-intensity interval training on neuromuscular fatigue and muscle function. Eur. J. Appl.
Physiol. 2009, 105, 357–363. [CrossRef]

14. Van Thienen, R.; Van Proeyen, K.; Puype, J.; Lefere, T.; Hespel, P. Beta-alanine improves sprint performance in endurance cycling.
Med. Sci. Sports Exerc. 2009, 41, 898–903. [CrossRef]

15. Rezende, N.S.; Swinton, P.; de Oliveira, L.F.; da Silva, R.P.; da Eira Silva, V.; Nemezio, K.; Yamaguchi, G.; Artioli, G.G.; Gualano,
B.; Saunders, B.; et al. The muscle carnosine response to beta-alanine supplementation: A systematic review with bayesian
individual and aggregate data e-max model and meta-analysis. Front. Physiol. 2020, 11, 913. [CrossRef] [PubMed]

16. Shbib, S.; Rashidlamir, A.; Hakak Dokht, E. The effects of plyometric training and β-alanine supplementation on anaerobic power
and serum level of carnosine in handball players. Sport Sci. Health 2021, 17, 569–576. [CrossRef]

17. Gross, M.; Bieri, K.; Hoppeler, H.; Norman, B.; Vogt, M. Beta-alanine supplementation improves jumping power and affects
severe-intensity performance in professional alpine skiers. Int. J. Sport Nutr. Exerc. Metab. 2014, 24, 665–673. [CrossRef] [PubMed]

18. Sweeney, K.M.; Wright, G.A.; Brice, A.G.; Doberstein, S.T. The effect of β-alanine supplementation on power performance during
repeated sprint activity. J. Strength Cond. Res. 2010, 24, 79–87. [CrossRef]

19. Derave, W.; Ozdemir, M.S.; Harris, R.C.; Pottier, A.; Reyngoudt, H.; Koppo, K.; Wise, J.A.; Achten, E. B-alanine supplementation
augments muscle carnosine content and attenuates fatigue during repeated isokinetic contraction bouts in trained sprinters.
J. Appl. Physiol. 2007, 103, 1736–1743. [CrossRef]

20. Guo, W.; Wang, S. Physiological and performance adaptations to beta alanine supplementation and short sprint interval training
in volleyball players. Sci. Rep. 2024, 14, 16833. [CrossRef]

21. Smith-Ryan, A.E.; Woessner, M.N.; Melvin, M.N.; Wingfield, H.L.; Hackney, A.C. The effects of beta-alanine supplementation on
physical working capacity at heart rate threshold. Clin. Physiol. Funct. Imaging 2014, 34, 397–404. [CrossRef] [PubMed]

22. Bellinger, P.M.; Minahan, C.L. The effect of β-alanine supplementation on cycling time trials of different length. Eur. J. Sport Sci.
2016, 16, 829–836. [CrossRef] [PubMed]

23. Jaques, M.; Glick, D.; Greco-Henderson, D.; Ives, S.J. The effects of short term β-alanine supplementation on performance in
division iii male and female rowers. J. Exerc. Nutr. 2019, 2, 15.

24. Ojeda, Á.H.; Barahona-Fuentes, G.; Galdames Maliqueo, S.; Guzmán Solis, M.; Cabrera, M.M.Y.; Jorquera-Aguilera, C. Acute
supplementation with beta-alanine improves performance in aerobic-anaerobic transition zones in endurance athletes. J. Am.
Nutr. Assoc. 2023, 42, 187–194. [CrossRef]

25. Smith, A.E.; Walter, A.A.; Graef, J.L.; Kendall, K.L.; Moon, J.R.; Lockwood, C.M.; Fukuda, D.H.; Beck, T.W.; Cramer, J.T.; Stout, J.R.
Effects of β-alanine supplementation and high-intensity interval training on endurance performance and body composition in
men; a double-blind trial. J. Int. Soc. Sports Nutr. 2009, 6, 5. [CrossRef]

26. Ashtary-Larky, D.; Bagheri, R.; Ghanavati, M.; Asbaghi, O.; Wong, A.; Stout, J.R.; Suzuki, K. Effects of beta-alanine supplemen-
tation on body composition: A grade-assessed systematic review and meta-analysis. J. Int. Soc. Sports Nutr. 2022, 19, 196–218.
[CrossRef]

27. Kern, B.D.; Robinson, T.L. Effects of β-alanine supplementation on performance and body composition in collegiate wrestlers
and football players. J. Strength Cond. Res. 2011, 25, 1804–1815. [CrossRef]

28. Glenn, J.M.; Gray, M.; Stewart, R.W.J.; Moyen, N.E.; Kavouras, S.A.; DiBrezzo, R.; Turner, R.; Baum, J.I.; Stone, M.S. Effects
of 28-day beta-alanine supplementation on isokinetic exercise performance and body composition in female masters athletes.
J. Strength Cond. Res. 2016, 30, 200–207. [CrossRef]

29. Smith, C.R.; Harty, P.S.; Stecker, R.A.; Kerksick, C.M. A pilot study to examine the impact of beta-alanine supplementation on
anaerobic exercise performance in collegiate rugby athletes. Sports 2019, 7, 231. [CrossRef]

30. Guest, N.S.; VanDusseldorp, T.A.; Nelson, M.T.; Grgic, J.; Schoenfeld, B.J.; Jenkins, N.D.M.; Arent, S.M.; Antonio, J.; Stout, J.R.;
Trexler, E.T.; et al. International society of sports nutrition position stand: Caffeine and exercise performance. J. Int. Soc. Sports
Nutr. 2021, 18, 1. [CrossRef]

31. Aguiar, A.S.; Speck, A.E.; Canas, P.M.; Cunha, R.A. Neuronal adenosine a2a receptors signal ergogenic effects of caffeine. Sci. Rep.
2020, 10, 13414. [CrossRef] [PubMed]

32. Martins, G.L.; Guilherme, J.; Ferreira, L.H.B.; de Souza-Junior, T.P.; Lancha, A.H., Jr. Caffeine and exercise performance: Possible
directions for definitive findings. Front. Sports Act. Living 2020, 2, 574854. [CrossRef] [PubMed]

33. Antonio, J.; Newmire, D.E.; Stout, J.R.; Antonio, B.; Gibbons, M.; Lowery, L.M.; Harper, J.; Willoughby, D.; Evans, C.; Anderson,
D.; et al. Common questions and misconceptions about caffeine supplementation: What does the scientific evidence really show?
J. Int. Soc. Sports Nutr. 2024, 21, 2323919. [CrossRef] [PubMed]

34. Tarnopolsky, M.A. Effect of caffeine on the neuromuscular system--potential as an ergogenic aid. Appl. Physiol. Nutr. Metab. 2008,
33, 1284–1289. [CrossRef] [PubMed]

35. Hodgson, A.B.; Randell, R.K.; Jeukendrup, A.E. The metabolic and performance effects of caffeine compared to coffee during
endurance exercise. PLoS ONE 2013, 8, e59561. [CrossRef]

36. Guest, N.; Corey, P.; Vescovi, J.; El-Sohemy, A. Caffeine, cyp1a2 genotype, and endurance performance in athletes. Med. Sci. Sports
Exerc. 2018, 50, 1570–1578. [CrossRef]

37. Wang, Z.; Qiu, B.; Gao, J.; Del Coso, J. Effects of caffeine intake on endurance running performance and time to exhaustion: A
systematic review and meta-analysis. Nutrients 2022, 15, 148. [CrossRef]

https://doi.org/10.1007/s00421-008-0911-7
https://doi.org/10.1249/MSS.0b013e31818db708
https://doi.org/10.3389/fphys.2020.00913
https://www.ncbi.nlm.nih.gov/pubmed/32922303
https://doi.org/10.1007/s11332-020-00709-4
https://doi.org/10.1123/ijsnem.2013-0253
https://www.ncbi.nlm.nih.gov/pubmed/24901210
https://doi.org/10.1519/JSC.0b013e3181c63bd5
https://doi.org/10.1152/japplphysiol.00397.2007
https://doi.org/10.1038/s41598-024-67974-y
https://doi.org/10.1111/cpf.12111
https://www.ncbi.nlm.nih.gov/pubmed/24308676
https://doi.org/10.1080/17461391.2015.1120782
https://www.ncbi.nlm.nih.gov/pubmed/26652037
https://doi.org/10.1080/07315724.2021.2020183
https://doi.org/10.1186/1550-2783-6-5
https://doi.org/10.1080/15502783.2022.2079384
https://doi.org/10.1519/JSC.0b013e3181e741cf
https://doi.org/10.1519/JSC.0000000000001077
https://doi.org/10.3390/sports7110231
https://doi.org/10.1186/s12970-020-00383-4
https://doi.org/10.1038/s41598-020-69660-1
https://www.ncbi.nlm.nih.gov/pubmed/32770138
https://doi.org/10.3389/fspor.2020.574854
https://www.ncbi.nlm.nih.gov/pubmed/33345139
https://doi.org/10.1080/15502783.2024.2323919
https://www.ncbi.nlm.nih.gov/pubmed/38466174
https://doi.org/10.1139/H08-121
https://www.ncbi.nlm.nih.gov/pubmed/19088790
https://doi.org/10.1371/journal.pone.0059561
https://doi.org/10.1249/MSS.0000000000001596
https://doi.org/10.3390/nu15010148


Nutrients 2024, 16, 3247 15 of 17

38. Dittrich, N.; Serpa, M.C.; Lemos, E.C.; De Lucas, R.D.; Guglielmo, L.G.A. Effects of caffeine chewing gum on exercise tolerance
and neuromuscular responses in well-trained runners. J. Strength Cond. Res. 2021, 35, 1671–1676. [CrossRef]

39. Astorino, T.A.; Rohmann, R.L.; Firth, K. Effect of caffeine ingestion on one-repetition maximum muscular strength. Eur. J. Appl.
Physiol. 2008, 102, 127–132. [CrossRef]

40. Tamilio, R.A.; Clarke, N.D.; Duncan, M.J.; Morris, R.O.; Tallis, J. How repeatable is the ergogenic effect of caffeine? Limited
reproducibility of acute caffeine (3 mg.Kg(-1)) ingestion on muscular strength, power, and muscular endurance. Nutrients 2022,
14, 4416. [CrossRef]

41. Berjisian, E.; Naderi, A.; Mojtahedi, S.; Grgic, J.; Ghahramani, M.H.; Karayigit, R.; Forbes, J.L.; Amaro-Gahete, F.J.; Forbes, S.C.
Are caffeine’s effects on resistance exercise and jumping performance moderated by training status? Nutrients 2022, 14, 4840.
[CrossRef] [PubMed]

42. Wu, S.; Jiang, H. Examining the impact of differing caffeine dosages in conjunction with plyometric training on physiological
adaptations in basketball players. Sci. Rep. 2024, 14, 15571. [CrossRef] [PubMed]

43. Grgic, J.; Trexler, E.T.; Lazinica, B.; Pedisic, Z. Effects of caffeine intake on muscle strength and power: A systematic review and
meta-analysis. J. Int. Soc. Sports Nutr. 2018, 15, 11. [CrossRef] [PubMed]

44. Wu, W.; Chen, Z.; Zhou, H.; Wang, L.; Li, X.; Lv, Y.; Sun, T.; Yu, L. Effects of acute ingestion of caffeine capsules on muscle strength
and muscle endurance: A systematic review and meta-analysis. Nutrients 2024, 16, 1146. [CrossRef]

45. Sainz, I.; Collado-Mateo, D.; Coso, J.D. Effect of acute caffeine intake on hit accuracy and reaction time in professional e-sports
players. Physiol. Behav. 2020, 224, 113031. [CrossRef] [PubMed]

46. Kreider, R.B.; Kalman, D.S.; Antonio, J.; Ziegenfuss, T.N.; Wildman, R.; Collins, R.; Candow, D.G.; Kleiner, S.M.; Almada, A.L.;
Lopez, H.L. International society of sports nutrition position stand: Safety and efficacy of creatine supplementation in exercise,
sport, and medicine. J. Int. Soc. Sports Nutr. 2017, 14, 18. [CrossRef]

47. Forbes, S.C.; Candow, D.G.; Neto, J.H.F.; Kennedy, M.D.; Forbes, J.L.; Machado, M.; Bustillo, E.; Gomez-Lopez, J.; Zapata, A.;
Antonio, J. Creatine supplementation and endurance performance: Surges and sprints to win the race. J. Int. Soc. Sports Nutr.
2023, 20, 2204071. [CrossRef]

48. Antonio, J.; Candow, D.G.; Forbes, S.C.; Gualano, B.; Jagim, A.R.; Kreider, R.B.; Rawson, E.S.; Smith-Ryan, A.E.; VanDusseldorp,
T.A.; Willoughby, D.S.; et al. Common questions and misconceptions about creatine supplementation: What does the scientific
evidence really show? J. Int. Soc. Sports Nutr. 2021, 18, 13. [CrossRef]

49. Kreider, R.B.; Ferreira, M.; Wilson, M.; Grindstaff, P.; Plisk, S.; Reinardy, J.; Cantler, E.; Almada, A. Effects of creatine supplementa-
tion on body composition, strength, and sprint performance. Med. Sci. Sports Exerc. 1998, 30, 73–82. [CrossRef]

50. Stone, M.H.; Sanborn, K.; Smith, L.L.; O’Bryant, H.S.; Hoke, T.; Utter, A.C.; Johnson, R.L.; Boros, R.; Hruby, J.; Pierce, K.C. Effects
of in-season (5 weeks) creatine and pyruvate supplementation on anaerobic performance and body composition in american
football players. Int. J. Sport Nutr. Exerc. Metab. 1999, 9, 146–165. [CrossRef]

51. Bemben, M.G.; Bemben, D.A.; Loftiss, D.D.; Knehans, A.W. Creatine supplementation during resistance training in college
football athletes. Med. Sci. Sports Exerc. 2001, 33, 1667–1673. [CrossRef] [PubMed]

52. Hoffman, J.; Ratamess, N.; Kang, J.; Mangine, G.; Faigenbaum, A.; Stout, J. Effect of creatine and ß-alanine supplementation on
performance and endocrine responses in strength/power athletes. Int. J. Sport Nutr. Exerc. Metab. 2006, 16, 430–446. [CrossRef]
[PubMed]

53. Chilibeck, P.D.; Magnus, C.; Anderson, M. Effect of in-season creatine supplementation on body composition and performance in
rugby union football players. Appl. Physiol. Nutr. Metab. 2007, 32, 1052–1057. [CrossRef] [PubMed]

54. Kerksick, C.M.; Rasmussen, C.; Lancaster, S.; Starks, M.; Smith, P.; Melton, C.; Greenwood, M.; Almada, A.; Kreider, R. Impact of
differing protein sources and a creatine containing nutritional formula after 12 weeks of resistance training. Nutrition 2007, 23,
647–656. [CrossRef]

55. Candow, D.G.; Chilibeck, P.D.; Burke, D.G.; Mueller, K.D.; Lewis, J.D. Effect of different frequencies of creatine supplementation
on muscle size and strength in young adults. J. Strength Cond. Res. 2011, 25, 1831–1838. [CrossRef]

56. Kreider, R.B.; Wilborn, C.D.; Taylor, L.; Campbell, B.; Almada, A.L.; Collins, R.; Cooke, M.; Earnest, C.P.; Greenwood, M.; Kalman,
D.S. Issn exercise & sport nutrition review: Research & recommendations. J. Int. Soc. Sports Nutr. 2018, 15, 38.

57. Kreider, R.B. Effects of creatine supplementation on performance and training adaptations. Mol. Cell. Biochem. 2003, 244, 89–94.
[CrossRef]

58. Green, A.; Hultman, E.; Macdonald, I.; Sewell, D.A.; Greenhaff, P. Carbohydrate ingestion augments skeletal muscle creatine
accumulation during creatine supplementation in humans. Am. J. Physiol.-Endocrinol. Metab. 1996, 271, E821–E826. [CrossRef]

59. Steenge, G.; Simpson, E.; Greenhaff, P. Protein-and carbohydrate-induced augmentation of whole body creatine retention in
humans. J. Appl. Physiol. 2000, 89, 1165–1171. [CrossRef]

60. Cooke, M.B.; Rybalka, E.; Williams, A.D.; Cribb, P.J.; Hayes, A. Creatine supplementation enhances muscle force recovery after
eccentrically-induced muscle damage in healthy individuals. J. Int. Soc. Sports Nutr. 2009, 6, 13. [CrossRef]

61. Greenwood, M.; Kreider, R.B.; Melton, C.; Rasmussen, C.; Lancaster, S.; Cantler, E.; Milnor, P.; Almada, A. Creatine supplementa-
tion during college football training does not increase the incidence of cramping or injury. Mol. Cell. Biochem. 2003, 244, 83–88.
[CrossRef] [PubMed]

https://doi.org/10.1519/JSC.0000000000002966
https://doi.org/10.1007/s00421-007-0557-x
https://doi.org/10.3390/nu14204416
https://doi.org/10.3390/nu14224840
https://www.ncbi.nlm.nih.gov/pubmed/36432526
https://doi.org/10.1038/s41598-024-66275-8
https://www.ncbi.nlm.nih.gov/pubmed/38971848
https://doi.org/10.1186/s12970-018-0216-0
https://www.ncbi.nlm.nih.gov/pubmed/29527137
https://doi.org/10.3390/nu16081146
https://doi.org/10.1016/j.physbeh.2020.113031
https://www.ncbi.nlm.nih.gov/pubmed/32593750
https://doi.org/10.1186/s12970-017-0173-z
https://doi.org/10.1080/15502783.2023.2204071
https://doi.org/10.1186/s12970-021-00412-w
https://doi.org/10.1097/00005768-199801000-00011
https://doi.org/10.1123/ijsn.9.2.146
https://doi.org/10.1097/00005768-200110000-00009
https://www.ncbi.nlm.nih.gov/pubmed/11581550
https://doi.org/10.1123/ijsnem.16.4.430
https://www.ncbi.nlm.nih.gov/pubmed/17136944
https://doi.org/10.1139/H07-072
https://www.ncbi.nlm.nih.gov/pubmed/18059577
https://doi.org/10.1016/j.nut.2007.06.015
https://doi.org/10.1519/JSC.0b013e3181e7419a
https://doi.org/10.1023/A:1022465203458
https://doi.org/10.1152/ajpendo.1996.271.5.E821
https://doi.org/10.1152/jappl.2000.89.3.1165
https://doi.org/10.1186/1550-2783-6-13
https://doi.org/10.1023/A:1022413202549
https://www.ncbi.nlm.nih.gov/pubmed/12701814


Nutrients 2024, 16, 3247 16 of 17

62. Yamaguchi, S.; Inami, T.; Ishida, H.; Morito, A.; Yamada, S.; Nagata, N.; Murayama, M. The effect of prior creatine intake for
28 days on accelerated recovery from exercise-induced muscle damage: A double-blind, randomized, placebo-controlled trial.
Nutrients 2024, 16, 896. [CrossRef] [PubMed]

63. Greenwood, M.; Kreider, R.B.; Greenwood, L.; Byars, A. Cramping and injury incidence in collegiate football players are reduced
by creatine supplementation. J. Athl. Train. 2003, 38, 216.

64. Mills, S.; Candow, D.G.; Forbes, S.C.; Neary, J.P.; Ormsbee, M.J.; Antonio, J. Effects of creatine supplementation during resistance
training sessions in physically active young adults. Nutrients 2020, 12, 1880. [CrossRef]

65. Desai, I.; Wewege, M.A.; Jones, M.D.; Clifford, B.K.; Pandit, A.; Kaakoush, N.O.; Simar, D.; Hagstrom, A.D. The effect of creatine
supplementation on resistance training-based changes to body composition: A systematic review and meta-analysis. J. Strength
Cond. Res. 2024, 38, 1813–1821. [CrossRef]

66. Aguiar, M.S.; Pereira, R.; Koch, A.J.; Machado, M. Psychological effect of acute creatine pre-workout supplementation induces
performance improvement in resistance exercise. Res. Sports Med. 2024, 32, 174–185. [CrossRef]

67. McMahon, N.F.; Leveritt, M.D.; Pavey, T.G. The effect of dietary nitrate supplementation on endurance exercise performance in
healthy adults: A systematic review and meta-analysis. Sports Med. 2017, 47, 735–756. [CrossRef] [PubMed]

68. Van De Walle, G.P.; Vukovich, M.D. The effect of nitrate supplementation on exercise tolerance and performance: A systematic
review and meta-analysis. J. Strength Cond. Res. 2018, 32, 1796–1808. [CrossRef]

69. Alsharif, N.S.; Clifford, T.; Alhebshi, A.; Rowland, S.N.; Bailey, S.J. Effects of dietary nitrate supplementation on performance
during single and repeated bouts of short-duration high-intensity exercise: A systematic review and meta-analysis of randomised
controlled trials. Antioxidants 2023, 12, 1194. [CrossRef]

70. Silva, K.V.C.; Costa, B.D.; Gomes, A.C.; Saunders, B.; Mota, J.F. Factors that moderate the effect of nitrate ingestion on exercise
performance in adults: A systematic review with meta-analyses and meta-regressions. Adv. Nutr. 2022, 13, 1866–1881. [CrossRef]

71. Hoon, M.W.; Johnson, N.A.; Chapman, P.G.; Burke, L.M. The effect of nitrate supplementation on exercise performance in healthy
individuals: A systematic review and meta-analysis. Int. J. Sport Nutr. Exerc. Metab. 2013, 23, 522–532. [CrossRef] [PubMed]

72. Butler, A.R.; Feelisch, M. Therapeutic uses of inorganic nitrite and nitrate: From the past to the future. Circulation 2008, 117,
2151–2159. [CrossRef] [PubMed]

73. Affourtit, C.; Bailey, S.J.; Jones, A.M.; Smallwood, M.J.; Winyard, P.G. On the mechanism by which dietary nitrate improves
human skeletal muscle function. Front. Physiol. 2015, 6, 211. [CrossRef] [PubMed]

74. Stanaway, L.; Rutherfurd-Markwick, K.; Page, R.; Ali, A. Performance and health benefits of dietary nitrate supplementation in
older adults: A systematic review. Nutrients 2017, 9, 1171. [CrossRef]

75. Larsen, F.J.; Weitzberg, E.; Lundberg, J.O.; Ekblom, B. Effects of dietary nitrate on oxygen cost during exercise. Acta Physiol. 2007,
191, 59–66. [CrossRef] [PubMed]

76. Bailey, S.J.; Winyard, P.; Vanhatalo, A.; Blackwell, J.R.; Dimenna, F.J.; Wilkerson, D.P.; Tarr, J.; Benjamin, N.; Jones, A.M. Dietary
nitrate supplementation reduces the o2 cost of low-intensity exercise and enhances tolerance to high-intensity exercise in humans.
J. Appl. Physiol. 2009, 107, 1144–1155. [CrossRef]

77. Giv, V.; Aminaei, M.; Nikoei, R. The effect of eight weeks beetroot juice supplement on aerobic, anaerobic power, and field
performance of soccer players. Res. Sports Med. 2024, 32, 132–144. [CrossRef] [PubMed]

78. Yuschen, X.; Choi, J.-H.; Seo, J.; Sun, Y.; Lee, E.; Kim, S.-W.; Park, H.-Y. Effects of acute beetroot juice supplementation and
exercise on cardiovascular function in healthy men in preliminary study: A randomized, double-blinded, placebo-controlled, and
crossover trial. Healthcare 2024, 12, 1240. [CrossRef]

79. Vanhatalo, A.; Bailey, S.J.; Blackwell, J.R.; DiMenna, F.J.; Pavey, T.G.; Wilkerson, D.P.; Benjamin, N.; Winyard, P.G.; Jones, A.M.
Acute and chronic effects of dietary nitrate supplementation on blood pressure and the physiological responses to moderate-
intensity and incremental exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 299, R1121–R1131. [CrossRef]

80. Mosher, S.L.; Sparks, S.A.; Williams, E.L.; Bentley, D.J.; Mc Naughton, L.R. Ingestion of a nitric oxide enhancing supplement
improves resistance exercise performance. J. Strength Cond. Res. 2016, 30, 3520–3524. [CrossRef]

81. Senefeld, J.W.; Wiggins, C.C.; Regimbal, R.J.; Dominelli, P.B.; Baker, S.E.; Joyner, M.J. Ergogenic effect of nitrate supplementation:
A systematic review and meta-analysis. Med. Sci. Sports Exerc. 2020, 52, 2250–2261. [CrossRef] [PubMed]

82. Ferrando, A.A.; Wolfe, R.R.; Hirsch, K.R.; Church, D.D.; Kviatkovsky, S.A.; Roberts, M.D.; Stout, J.R.; Gonzalez, D.E.; Sowinski,
R.J.; Kreider, R.B. International society of sports nutrition position stand: Effects of essential amino acid supplementation on
exercise and performance. J. Int. Soc. Sports Nutr. 2023, 20, 2263409. [CrossRef]

83. Jäger, R.; Kerksick, C.M.; Campbell, B.I.; Cribb, P.J.; Wells, S.D.; Skwiat, T.M.; Purpura, M.; Ziegenfuss, T.N.; Ferrando, A.A.; Arent,
S.M. International society of sports nutrition position stand: Protein and exercise. J. Int. Soc. Sports Nutr. 2017, 14, 20. [CrossRef]

84. Naclerio, F.; Seijo, M. Whey protein supplementation and muscle mass: Current perspectives. Nutr. Diet. Suppl. 2019, 11, 37–48.
[CrossRef]

85. Devries, M.C.; Phillips, S.M. Supplemental protein in support of muscle mass and health: Advantage whey. J. Food Sci. 2015, 80,
A8–A15. [CrossRef]

86. Antonio, J.; Ellerbroek, A.; Silver, T.; Orris, S.; Scheiner, M.; Gonzalez, A.; Peacock, C.A. A high protein diet (3.4 g/kg/d)
combined with a heavy resistance training program improves body composition in healthy trained men and women—A
follow-up investigation. J. Int. Soc. Sports Nutr. 2015, 12, 39. [CrossRef] [PubMed]

https://doi.org/10.3390/nu16060896
https://www.ncbi.nlm.nih.gov/pubmed/38542807
https://doi.org/10.3390/nu12061880
https://doi.org/10.1519/JSC.0000000000004862
https://doi.org/10.1080/15438627.2022.2090253
https://doi.org/10.1007/s40279-016-0617-7
https://www.ncbi.nlm.nih.gov/pubmed/27600147
https://doi.org/10.1519/JSC.0000000000002046
https://doi.org/10.3390/antiox12061194
https://doi.org/10.1093/advances/nmac054
https://doi.org/10.1123/ijsnem.23.5.522
https://www.ncbi.nlm.nih.gov/pubmed/23580439
https://doi.org/10.1161/CIRCULATIONAHA.107.753814
https://www.ncbi.nlm.nih.gov/pubmed/18427145
https://doi.org/10.3389/fphys.2015.00211
https://www.ncbi.nlm.nih.gov/pubmed/26283970
https://doi.org/10.3390/nu9111171
https://doi.org/10.1111/j.1748-1716.2007.01713.x
https://www.ncbi.nlm.nih.gov/pubmed/17635415
https://doi.org/10.1152/japplphysiol.00722.2009
https://doi.org/10.1080/15438627.2022.2090250
https://www.ncbi.nlm.nih.gov/pubmed/35726852
https://doi.org/10.3390/healthcare12131240
https://doi.org/10.1152/ajpregu.00206.2010
https://doi.org/10.1519/JSC.0000000000001437
https://doi.org/10.1249/MSS.0000000000002363
https://www.ncbi.nlm.nih.gov/pubmed/32936597
https://doi.org/10.1080/15502783.2023.2263409
https://doi.org/10.1186/s12970-017-0177-8
https://doi.org/10.2147/NDS.S166195
https://doi.org/10.1111/1750-3841.12802
https://doi.org/10.1186/s12970-015-0100-0
https://www.ncbi.nlm.nih.gov/pubmed/26500462


Nutrients 2024, 16, 3247 17 of 17

87. Morgan, P.T.; Breen, L. The role of protein hydrolysates for exercise-induced skeletal muscle recovery and adaptation: A current
perspective. Nutr. Metab. 2021, 18, 44. [CrossRef]

88. Röhling, M.; McCarthy, D.; Berg, A. Continuous protein supplementation reduces acute exercise-induced stress markers in
athletes performing marathon. Nutrients 2021, 13, 2929. [CrossRef]

89. Valenzuela, P.L.; Alejo, L.B.; Montalvo-Pérez, A.; Ojanguren, D.; Górriz, M.; Pagola, I.; Ozcoidi, L.M.; Lucia, A.; Barranco-Gil, D.
Pre-sleep protein supplementation in professional cyclists during a training camp: A three-arm randomized controlled trial. J. Int.
Soc. Sports Nutr. 2023, 20, 2166366. [CrossRef]

90. Mhamed, M.; Zarrouk, F.; Mrad, M.; Methnani, J.; Bahlous, A.; Zaouali, M.; Lindinger, M.; Bigard, X.; Bouhlel, E. Effects of whey
protein on body composition, biochemical profile, and high intensity physical performances in well-trained endurance runners.
Sci. Sports 2024, 39, 588–598. [CrossRef]

91. Kim, C.B.; Park, J.H.; Park, H.S.; Kim, H.J.; Park, J.J. Effects of whey protein supplement on 4-week resistance exercise-induced
improvements in muscle mass and isokinetic muscular function under dietary control. Nutrients 2023, 15, 1003. [CrossRef]
[PubMed]

92. Jacinto, J.L.; Nunes, J.P.; Gorissen, S.H.; Capel, D.M.; Bernardes, A.G.; Ribeiro, A.S.; Cyrino, E.S.; Phillips, S.M.; Aguiar, A.F.
Whey protein supplementation is superior to leucine-matched collagen peptides to increase muscle thickness during a 10-week
resistance training program in untrained young adults. Int. J. Sport Nutr. Exerc. Metab. 2022, 32, 133–143. [CrossRef] [PubMed]

93. Seo, J.W.; Jiang, S.; Ahn, S.; Kang, Y.S.; Sung, Y.; Li, X.; Jamrasi, P.; Sun, E.M.; Yoo, J.; Kim, B.Y.; et al. Effect of mixed protein
supplementation on golf performance and muscle function: A randomized, double-blind, placebo-controlled study. J. Int. Soc.
Sports Nutr. 2024, 21, 2393368. [CrossRef] [PubMed]

94. Zare, R.; Devrim-Lanpir, A.; Guazzotti, S.; Ali Redha, A.; Prokopidis, K.; Spadaccini, D.; Cannataro, R.; Cione, E.; Henselmans, M.;
Aragon, A.A. Effect of soy protein supplementation on muscle adaptations, metabolic and antioxidant status, hormonal response,
and exercise performance of active individuals and athletes: A systematic review of randomised controlled trials. Sports Med.
2023, 53, 2417–2446. [CrossRef] [PubMed]

95. Mazzulla, M.; Abou Sawan, S.; Williamson, E.; Hannaian, S.J.; Volterman, K.A.; West, D.W.; Moore, D.R. Protein intake to
maximize whole-body anabolism during postexercise recovery in resistance-trained men with high habitual intakes is severalfold
greater than the current recommended dietary allowance. J. Nutr. 2020, 150, 505–511. [CrossRef]

96. Antonio, J.; Evans, C.; Ferrando, A.A.; Stout, J.R.; Antonio, B.; Cinteo, H.; Harty, P.; Arent, S.M.; Candow, D.G.; Forbes, S.C.; et al.
Common questions and misconceptions about protein supplementation: What does the scientific evidence really show? J. Int. Soc.
Sports Nutr. 2024, 21, 2341903. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12986-021-00574-z
https://doi.org/10.3390/nu13092929
https://doi.org/10.1080/15502783.2023.2166366
https://doi.org/10.1016/j.scispo.2024.02.001
https://doi.org/10.3390/nu15041003
https://www.ncbi.nlm.nih.gov/pubmed/36839361
https://doi.org/10.1123/ijsnem.2021-0265
https://www.ncbi.nlm.nih.gov/pubmed/35042187
https://doi.org/10.1080/15502783.2024.2393368
https://www.ncbi.nlm.nih.gov/pubmed/39166753
https://doi.org/10.1007/s40279-023-01899-w
https://www.ncbi.nlm.nih.gov/pubmed/37603200
https://doi.org/10.1093/jn/nxz249
https://doi.org/10.1080/15502783.2024.2341903

	Introduction 
	Beta-Alanine 
	Caffeine 
	Creatine 
	Nitrates 
	Protein 
	Summary 
	References

