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Purpose of review

The purpose of this opinion paper is to provide current-day and evidence-based information regarding
dietary supplements that support resistance training adaptations or acutely enhance strength-power or

endurance performance.

Recent findings

Several independent lines of evidence support that higher protein diets, which can be readily achieved
through animal-based protein supplements, optimize muscle mass during periods of resistance training, and
this likely facilitates strength increases. Creatine monohydrate supplementation and peri-exercise caffeine
consumption also enhance strength and power through distinct mechanisms. Supplements that favorably
affect aspects of endurance performance include peri-exercise caffeine, nitrate-containing supplements
(e.g., beet root juice), and sodium bicarbonate consumption. Further, beta-alanine supplementation can
enhance high-intensity endurance exercise efforts.

Summary

Select dietary supplements can enhance strength and endurance outcomes, and take-home
recommendations will be provided for athletes and practitioners aiming to adopt these strategies.
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The global sports nutrition market exceeded $40
billion USD in 2022 and is expected to expand at
a ~7.4% compounded annual growth rate year-over-
year [1]. Most athletes consume dietary supplements
and, depending upon the sport, up to 100% of
individuals polled indicate that they use one or
more supplements to enhance performance |[2].
Over the past 10 years several reviews and consensus
statements have been written regarding the efficacy
of various dietary supplements [3—7]. The purpose of
this opinion paper is to discuss dietary supplements
that have been well documented to enhance resist-
ance training gains in muscle mass and strength,
acutely enhance strength and/or power, and
enhance aspects of endurance performance. In this
regard, a plethora of evidence suggests that a daily
protein intake ~2.5-fold higher than the recom-
mended dietary allowance of 0.8 g/kg body mass/
day, which can be readily achieved through animal-
based and plant-based protein supplements,
optimizes muscle mass and strength increases
with resistance training. Creatine monohydrate
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supplementation and acute caffeine consumption
enhance muscle strength and power. Several lines of
evidence also suggest various aspects of endurance
performance are positively affected with the
acute consumption of caffeine, nitrate-containing
supplements (e.g., beet root juice), and sodium
bicarbonate. Finally, beta-alanine supplementation
seemingly provides ergogenic benefits to certain
types of endurance exercise endeavors. The follow-
ing paragraphs will provide further insight into
these topics.
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KEY POINTS

o Most competitive athletes consume dietary supplements,
and this is reflected in a global sports nutrition market

that exceeded $40 billion USD in sales in 2022.

o There are multiple lines of evidence to suggest that
higher protein diets, creatine monohydrate
supplementation, and peri-exercise caffeine
consumption enhance resistance training adaptations,
strength, and power through distinct mechanisms.

o Supplements that positively impact endurance exercise
performance include peri-exercise caffeine
consumption, nitrate-containing supplements (e.g., beet
root juice), and sodium bicarbonate consumption.
Additionally, beta-alanine supplementation enhances
high-intensity exercise performance.

o Future directions to be pursued in sports nutrition
research include the effects of nutritional supplements in
female athletes and the combinatorial effects of the
supplements covered in this review.

Protein supplements

Protein supplements are popular amongst recrea-
tional and competitive athletes, and the intent of
supplementation is to facilitate improved recovery
from training through stimulating postexercise
muscle protein synthesis rates beyond what is
achieved with exercise alone [7]. Several protein sup-
plements exist including milk-based protein powders
(i.e., milk protein concentrate, whey, casein, or
whey-casein-blends), beef and collagen protein pow-
ders, egg protein powders, soy protein powders,
other plant-based protein powders (e.g., pea protein,
peanut protein, potato protein, rice protein), and
insect protein powders. Indeed, several of these
protein supplements enhance postexercise muscle
protein synthesis following a resistance exercise
bout [8-12], and this lends credence to the potential
ergogenicity of supplementation.

Itisimportant to note that the amino acid profile
and digestibility of these supplements are related to
their ability to stimulate postexercise anabolism;
specifically, the content of L-leucine and the other
essential amino acids dictates the postprandial ana-
bolic response [13]. In this regard, several lines of
evidence support that whey protein, which contains
ahigh content of L-leucine and essential amino acids,
stimulates the highest increases in postexercise
muscle protein synthesis. A seminal meta-analysis
by Morton et al. [14] indicates that recreationally
trained individuals obtain strength and muscle mass
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benefits from protein supplementation whereas nov-
ice trainees do not, and this is further supported by a
prior meta-analysis by Pasiakos et al. [15]. These
results may be associated with large and variable
gains in fitness in novice trainees which may mask
any small benefits of protein supplementation. Also
noteworthy is evidence indicating that animal-based
protein supplements provide enhanced resistance
training adaptations versus plant-based protein sup-
plements [16"], and protein supplements alone are
just as effective for promoting resistance training
adaptations versus multi-ingredient protein supple-
ments containing added amino acids, creatine,
vitamin D, polyunsaturated fatty acids, and B-
hydroxy p-methylbutyrate (HMB) [17].

A 2013 meta-analysis by Schoenfeld et al. [18]
indicates that the timing of protein supplementa-
tion is not as important as ensuring adequate daily
intakes. Further, the current evidence indicates that
protein intakes, which can be bolstered through
protein supplementation, should be higher than
what is generally recommended for nonactive adults
(e.g., 0.80g/kg body mass/day). In this regard, a
2019 review by Antonio that critically analyzed
nine scientific studies indicated that strength-power
athletes should consume at least 2.2 g/kg body mass/
day to optimize muscle mass gains from resistance
training [19]. This recommendation was subse-
quently validated by the Moore laboratory who used
the indicator amino acid oxidation (IAAO) techni-
que to show that resistance-trained men require
>2.0g/kg body mass/day of higher quality dietary
protein to maximize whole-body anabolism after
exercise [20]. In summary, protein supplementa-
tion, and more specifically animal-based protein
supplementation in trained individuals, optimizes
muscle mass and muscle strength increases during
periods of resistance training. These effects are likely
due to ensuring an optimized protein intake for
athletes. Alternatively stated, athletes receiving
>2.0 g/kg body mass/day of dietary protein are likely
not going to attain appreciable benefits with addi-
tional protein supplementation.

Creatine monohydrate

Creatine monohydrate (a-methyl guandino-acetic
acid) is one of the most popular dietary supplements
[21™]. Creatine is endogenously synthesized from
arginine, glycine, and methionine primarily in the
liver and kidneys, or can be ingested from food
sources (e.g., red meat, seafood, poultry), or taken
as a commercially available dietary supplement [22].
Following either a loading phase (20g/day for
5-7days) or a lower dose of creatine (3-5 g/day)
for a longer period (4 weeks), intramuscular creatine
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stores can be elevated by ~20% (and up to 40% in
vegans and vegetarians) [23]. Once creatine is taken
up into the muscle, approximately two-thirds of the
intramuscular pool is converted to phosphocreatine
which is used to maintain intracellular adenosine
triphosphate (ATP) stores to support muscular con-
tractions [23]. In addition, creatine may have cel-
lular signaling roles by favorably affecting the
expression of numerous mRNAs implicated in
muscle anabolism and enhancing satellite cell pro-
liferation during periods of resistance training [24].

There are several systematic reviews and meta-
analyses that consistently demonstrate that creatine
supplementation enhances resistance training gains
in muscle mass, strength, and power [25,26",27-
29]. The largest systematic review and meta-analysis
included 35 randomized controlled trials with a
total of 1192 participants [26""]. In sum, these data
indicate that creatine supplementation together
with resistance training enhance whole body gain
in lean tissue that was 1.1kg more than placebo
supplementation. These results were similar across
the lifespan but appeared to be greater in males
versus females. Burke et al. [29] recently reported
the effects of creatine supplementation on regional
measures of muscle hypertrophy from 10 random-
ized controlled trials. There were modest but pos-
itive effects of creatine supplementation to enhance
gains in muscle mass in both younger and older
adults. Beyond increasing muscle mass, creatine
supplementation enhances strength and power
and this is critical from a performance perspective
[30]. Overall, creatine is one of the most effective
and safe dietary supplements to enhance resistance
training adaptations across the lifespan.

Caffeine

Caffeine, or 1,3,7-trimethylxanthine, is readily
absorbed from the gastrointestinal tract, mainly
from the small intestine and stomach [31]. The
bioavailability of caffeine is very high (i.e.,
~100%), resulting in rapid plasma accumulation
which peaks approximately 60 min postingestion,
independent of ingestion modality. However, inter-
individual variability involving caffeine metabolism
may influence its efficacy [32%"]. A recent review
indicates that caffeine can mechanistically enhance
contractile force during muscle contractions by
potentiating calcium release from ryanodine recep-
tors while also delaying fatigue through central
adenosine receptors [33], and various meta-analyses
have indicated that caffeine positively affects
muscle strength and power [34-40]. Collectively,
these series of meta-analyses indicate that the acute
ingestion of 1-6 mg/kg body mass of caffeine ~60
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min prior to exercise improves measures of muscle
strength and power (namely in the upper body).

Caffeine

As discussed above, the acute ingestion of caffeine
(1-6 mg/kg body mass) promotes ergogenic effects
on muscle strength and power. These same doses
can also enhance endurance performance through
various mechanisms. In conjunction with the noted
impacts on calcium release and reuptake, caffeine
may increase sodium/potassium (Na*/K") pump
activity [41]. Additionally, caffeine blocks central
A2A and A2B adenosine receptors [42], which can
alter pain thresholds and decrease rating of per-
ceived exertion during exercise.

It is well accepted that caffeine has ergogenic
benefits for individuals participating in endurance
exercise (i.e., running, cycling, and time trial per-
formance) [43]. The first meta-analysis to examine
the effects of caffeine on measures of muscle endur-
ance was performed by Warren et al. [44], which
estimated that caffeine elicited ~20% improvement
in endurance during field tests. Since this publica-
tion, other meta-analyses have supported the effi-
cacy of caffeine on measures of muscle endurance
[43,45], and optimal ingestion has been posited to
be 60 min before exercise. It is important to note
that higher caffeine doses (i.e., 9-11 mg/kg) may be
ergolytic for both strength and endurance events
and can result in adverse effects such as feeling
jittery, sleep disruptions, increased anxiety, and
tachycardia [32""]. In summary, caffeine ingestion
(1-6 mg/kg body mass consumed ~60 min prior to
exercise) is a viable option for augmenting muscular
endurance performance.

Beetroot juice

Inorganic nitrate (NO3 ") is a compound found nat-
urally in beets and leafy green and root vegetables
such as spinach and celery. Moreover, beetroot juice
has been commonly used as a exogenous source of
NOj3™. Upon consumption, NOj™is reduced to nitrite
(NO, ") by anaerobic bacteria in the oral cavity
through the action of nitrate-reductase enzymes.
Through digestive processes, nitrite is further
reduced to nitric oxide (NO) which subsequently
enters systemic circulation. Circulating NO becomes
bioactive in tissues and blood primarily under con-
ditions of hypoxia, and can influence blood vessel
vasodilation, mitochondrial respiration, and muscle
contractile function [46,47].
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The purported physiological mechanisms
explaining the ergogenic potential of beetroot juice
are multifactorial. Nitrate alters oxygen kinetics and
reduces the oxygen cost of performing aerobic exer-
cise [48]. NO also promotes vasodilation and oxygen
transfer via increased blood flow [49""]. Most ergo-
genic investigations on beetroot juice have focused
on aerobic-type events [50], and a recent meta-anal-
ysis in healthy adults (n=1061) indicates that the
peri-exercise ingestion of nitrate-containing supple-
ments improves power output by ~5 watts and time
to exhaustion during higher intensity endurance
events ~25s [51]. Peak nitrite concentration in
the blood occurs within 2-3 h of ingesting nitrate-
containing supplements, and ergogenic effects are
typically observed <3 h postingestion. Hence, the
collective evidence suggests that beetroot juice with
6-8 mmol (~350-500mg) of nitrate should be
ingested less than three hours before exercise to
produce aerobic-type exercise benefits.

Sodium bicarbonate

Sodium bicarbonate likely acts to enhance extrac-
ellular acid buffering capacity due to postingestion
increases in plasma bicarbonate (HCO3;™) concen-
trations. Grgic authored two meta-analyses examin-
ing the potential ergogenicity of sodium
bicarbonate. In the first meta-analysis, the authors
concluded that a dose of 0.3 g/kg body mass 1-3h
prior to exercise likely improves endurance perform-
ance during higher-intensity exercises lasting
between 30s and 12min [52]. The second meta-
analysis by Grgic et al. [53""] was an umbrella review
on several reviews and meta-analyses, and results
indicated that the acute ingestion of sodium bicar-
bonate enhances peak anaerobic power, anaerobic
capacity, performance in endurance events lasting
~45 s to 8 min, 2000-m rowing performance, and
high-intensity intermittent running performance.
Given that bloating, nausea, vomiting, and abdomi-
nal pain can arise from single-dose preexercise pro-
tocols, multiple-day protocols could be utilized to
reduce the risks of associated side-effects. Athletes
susceptible to these adverse effects can either con-
sume 0.1 g/kg body mass during three spaced meals
prior to the day of competition or perform a multi-
day protocol whereby 0.5 g/kg body mass is con-
sumed in smaller dose increments during the day 3-
7 days prior to an event.

Beta-alanine

Beta-alanine is a nonproteogenic amino acid endo-
genously produced in the liver and consumable
through foods such as poultry and meat [54]. The
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purported mechanism by which beta-alanine sup-
plementation might enhance muscle performance
is through its rate-limiting precursor carnosine. Car-
nosine (B-alanyl-L-histidine) is a naturally occurring
cytoplasmic dipeptide present in high concentra-
tions in skeletal muscle, formed by combining t-
histidine and beta-alanine, with the assistance of the
enzyme carnosine synthetase [55]. Due to its loca-
tion in skeletal muscle and its structure, carnosine
has been implicated in major functions related to
intracellular pH buffering. Beta-alanine may also
protect against neuromuscular fatigue via changes
in Ca®" sensitivity, resulting in more efficient
muscle contraction [54]. From a practical perspec-
tive, beta-alanine seems to be a viable supplement
for increasing performance in exercise bouts where
anaerobic capacity is a limiting factor (i.e., >905),
such as during exercise modalities such as, cycling,
rowing, running, and paddling [55].

As outlined in the position stand paper by the
International Society of Sports Nutrition [55], beta-
alanine supplementation (at dosages of 4-6g per
day for > 4 weeks) can significantly augment muscle
carnosine concentrations. Some individuals may
respond more favorably with multiple smaller doses
throughout the day (e.g., 0.8-1.6 g every 3-4 h) due
to the potential of paresthesia (i.e., tingling) or rapid
changes in pH with larger doses. Furthermore, the
efficacy of beta-alanine does not seem to depend on
baseline muscle carnosine levels, muscle fiber type,
dosage, or timing of ingestion. Finally, while beta-
alanine may provide ergogenic benefits in exercise
bouts lasting ~1-4 min, most of the research to date
suggests that supplementation does not improve
other aspects of muscular performance (i.e.,
strength and power).

Although the scientific publications discussed
herein have been informative, the reader should
be aware of various limitations. First, most sub-
chronic supplementation studies range between 6
and 12 weeks, and longer-term studies are needed to
determine if continued benefit can be gained (versus
habituation) with continuous supplementation. In
addition, almost all the studies or meta-analyses
discussed herein examined noncompetitive ath-
letes. This is noteworthy given that beetroot juice,
for instance, has not been shown to affect perform-
ance or exercise economy in competitive race
walkers [56], whereas whey protein supplementa-
tion has been shown to increase muscle mass and
strength in collegiate female basketball players [57].
Thus, while challenges of accessing competitive
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Table 1. Supplements providing ergogenic benefits to strength and endurance athletes

Supplement Dose

Documented benefits

Strength-power athletes

Animal-based protein powders
(notably, whey protein)

Creatine monohydrate
5 g/day
Relative dose: 0.1 g/kg/day

Caffeine
Endurance athletes

Beetroot juice (high NO3)

Caffeine

Sodium bicarbonate

One or multiple ~30g doses per day to aid in achieving a
total daily protein intake of >2.0 g/kg body mass/day

Loading phase: 20 g/day for 5-7 days Maintenance dose:

1-6 mg/kg body mass taken 60 min prior to exercise

Supplement shot (~70 ml) providing 6-8 mmol of NO3
ingested 1-2 h (but less than 3 h) before exercise

Enhanced muscle mass increases during
periods of resistance training

Enhanced muscle mass, strength, and
power

Enhanced strength (e.g., one-effort lifts)
and power (e.g., jump performance)

Improved TTE or enhanced power output
during efforts lasting 30s-12 min (or
more) in duration

1-6 mg/kg body mass taken 60 min prior to exercise
0.3 g/kg body mass 1-3 h prior to exercise, or multidose

protocol to reduce side effects as described in-fext.

4-6 g/d for 4 weeks

Beta-alanine

Improved TTE or enhanced power output
during efforts lasting 1-4 min in
duration

NOg, nitrate; TTE, time-to-exhaustion.

athletes exist, more dietary supplement studies are
needed in this population to determine if elite-level
effects exist. Finally, although sex-specific differen-
ces likely do not exist with the dietary supplements
discussed herein as posited by Murphy et al. [58],
most of the data discussed are in male participants
necessitating more studies in female participants.
Specifically, future research is warranted to examine
sex-based differences in hormonal, metabolic, and
physiological responses to dietary supplements,
which may also differ across the menstrual cycle.

The table below provides a summary of the content
discussed in this review in relation to dietary supple-
ments that have been documented to provide ergo-
genic benefits to strength-power and endurance
athletes ().

There are notable future directions to be pursued
in this area of sports nutrition research. First, and as
noted above, more data are needed in competitive
athletes. In addition, the combinatorial effects of
supplements discussed in this review need to be
investigated. In this regard, a meta-analysis by Saun-
ders et al. [59] indicates that co-supplementation
with sodium bicarbonate and beta-alanine results in
enhanced endurance exercise outcomes compared
to beta-alanine supplementation alone. Moreover,
although protein supplements alone have been
reported to be just as effective for promoting resist-
ance training adaptations versus multi-ingredient
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protein supplements [17], there is counterevidence
suggesting whey protein + creatine supplementa-
tion promotes superior resistance training adapta-
tions compared to whey protein supplementation
alone [60]. Hence, again, this provides justification
that investigating combinatorial supplement regi-
mens is warranted.
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