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Abstract: Branched-chain amino acids (BCAAs) are oxidized in the muscle and result in stimulating
anabolic signals—which in return may optimize performance, body composition and recovery.
Meanwhile, among athletes, the evidence about BCAA supplementation is not clear. The aim of
this study was to review the effects of BCAAs in athletic populations. The research was conducted
in three databases: Web of Science (all databases), PubMed and Scopus. The inclusion criteria
involved participants classified both as athletes and people who train regularly, and who were orally
supplemented with BCAAs. The risk of bias was individually assessed for each study using the
revised Cochrane risk of bias tool for randomized trials (RoB 2.0). From the 2298 records found,
24 studies met the inclusion criteria. Although BCAAs tended to activate anabolic signals, the
benefits on performance and body composition were negligible. On the other hand, studies that
included resistance participants showed that BCAAs attenuated muscle soreness after exercise, while
in endurance sports the findings were inconsistent. The protocols of BCAA supplements differed
considerably between studies. Moreover, most of the studies did not report the total protein intake
across the day and, consequently, the benefits of BCAAs should be interpreted with caution.

Keywords: athletic performance; exercise; recovery; protein intake

1. Introduction

Leucine, isoleucine and valine are three essential branched-chain amino acids (BCAAs)
not produced by the body and, thus, should be exogenously consumed [1,2]. Notably,
BCAAs bypass metabolism in the liver and are oxidized in skeletal muscle [3,4]. Leucine,
in particular, activates the mammalian target of rapamciyn-1 (mTOR), an anabolic signal
that mediates muscle protein synthesis [2,5], which in turn is related to adaptations in
strength and hypertrophy [6]. To this end, it is hypothesized that BCAAs are beneficial for
performance, recovery and body composition [7].

A recent statement claims that acceptable levels of BCAA intake should be prioritized
with exercise participation [8]. However, oral ingestion of BCAAs is highly questionable
with reference to optimizing performance and protein synthesis [6,9,10]. Recent systematic
reviews show that BCAA supplementation tended to attenuate muscle soreness and is
an indicator of muscle damage [10,11]. The ergogenic effects of BCAAs have mainly
been examined in adults and few studies included trained participants, which may differ
substantially in performance, muscle damage and body composition. Additionally, the
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Australian Institute of Sport classified BCAAs in group C, which include supplements
without scientific support among athletes or inconclusive studies. However, BCAAs are
not recommended within supplementation programs [7]. The overview of the International
Olympic Committee did not mention BCAAs in the different topics discussed—namely,
supplements used to prevent or treat nutrient deficiencies, supplements used for energy
provision, and supplements that improve sports performance [12]. Concerning the three
BCAAs, only the effects of leucine in protein turnover were described, although the studies
mentioned did not include trained participants [13,14].

Systematic reviews are needed to establish decisions about the general application of
sport supplements [15]. The effects of BCAA supplementation were previously examined in
non-sport participants or combining samples of athletes and active participants. Therefore,
a systematic review about the impact of BCAAs among athletes is needed. Given the
potential anabolic impact of BCAA supplementation, the aim of this study was to review
the effects on performance, body composition, recovery, biochemical, hormonal response
and/or molecular signaling in athletes.

2. Materials and Methods

The current review was conducted according to PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-analyses) guidelines [16] and Cochrane instructions [17].

2.1. Eligibility Criteria

The manuscripts included in the present review met the following criteria: (1) Population—
athletes; (2) Intervention—oral ingestion of BCAAs; (3) Outcomes—indicators of perfor-
mance, body composition, recovery, biochemical, hormonal response or molecular sig-
nalling; (4) Comparator—control group or placebo, and; (5) Output—pre- and post-test
changes. The exclusion criteria were: (1) Studies including participants without relevant
training experience; (2) Articles classified as a letter to the editor or review, and; (3) BCAA
supplementation by infusion or combined with other substances.

2.2. Information Source and Search Strategy

Electronic databases (Web of Science (all databases), PubMed and Scopus) were
searched on 11 February 2022. The search terms were adapted from previous system-
atic reviews about BCAA supplementation and exercise [10,11,18]. A recent narrative
review about BCAAs strength and hypotrophy was also considered to define the search
terms (6). The following search strategy was used: (“branched-chain amino acid*” OR
“BCAA*” OR “branched-chain amino acid* supplementation” OR “BCAA* supplementa-
tion” OR valine OR isoleucine OR leucine) AND (strength* OR “resistance training” OR
endurance* OR aerobic “intermittent sport” OR high-intensity OR “muscle soreness” OR
“delayed onset muscle soreness” OR DOMS OR anabolic OR “protein synthesis” OR jump
OR run OR sprint) AND (athlete* OR sport* OR train*). No restrictions were applied to the
year of publication and only papers written in English were consulted.

2.3. Selection Process

Reference managing software (EndNoteTMX9, Clarivate Analytics, Philadelphia, PA,
USA) was used to export the manuscripts. After the initial screening, duplicates were
automatically removed and manually checked. Two independent authors (DVM/HS)
screened the title and abstracts. The remaining manuscripts were assessed to check whether
the eligibility criteria were met. Where disagreements occurred, a third author (AF) was
consulted and debate ensued until a consensus was achieved.

2.4. Data Collection Process and Data Items

Two authors (DVM/HS) carefully examined the eligible papers and extracted the
relevant information from each study. Thereafter, the sample population, BCAA supple-
mentation (frequency and quantity), exercise protocol, outcomes of interest, aims and main
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Identification ]

)

Screening

[

]

Included

results were summarized on a template adapted from Cochrane Consumers and Communi-
cation Review Group [19]. The outcomes were categorized as follows: performance, body
composition, muscle soreness, recovery and biochemical, hormonal or molecular indicators.
Two studies [20,21] used a similar sample to examine the effects of BCAA supplementation
after an intense exercise protocol on different outcomes. The mentioned papers tested
different hypotheses and, consequently, were included in the review.

2.5. Study Risk of Bias

The revised Cochrane risk of bias tool for randomized trials (RoB 2.0) was used to
analyse the risk of bias of randomized studies included in the present review [22], as
suggested elsewhere [23,24]. The tool is formed by five domains with different questions:
(1) Bias arising from the randomization process; (2) Bias due to deviations from intended
interventions; (3) Bias due to missing outcome data; (4) Bias in measurement of the outcome;
(5) Bias in selection of the reported result. In the present review, the effect of starting and
adhering to the interventions as specified in the trial protocol option was selected in the tool
since the present study examined pre- and post-test results of specific outcomes, considering
BCAA supplementation and exercise intervention. The questions were signalled as: yes,
probably yes, probably no, no and no information. Additionally, domains were individually
signed as: low risk of bias, some concerns, and high risk of bias. Text boxes associated
with each domain were completed when possible. Two independent observers completed
the revised Cochrane risk of bias tool for randomized trials (DVM/HS) and possible
disagreements were solved by a third reviewer (AF).

3. Results

The electronic search identified 2298 records from the three databases. Following the
removal of duplicates (n = 649), the remainder of titles and abstracts were screened. The
full text of 86 papers were consulted and 65 were not considered in the present review
for the following reasons: sample did not include athletes or participants with training
experience (n = 27), BCAAs were combined with different substances (n = 33), one study
administrated BCAAs by infusion, one study did not include a control group and three
papers were classified as reviews or letters to the editor (Figure 1).

Identification of studies via databases and registers ]

Records identified from:
Databases (n = 2298)
PubMed (n = 1243) >
Scopus (n = 248)
Web of Science (n = 649)

Records removed before screening:
Duplicate records removed (n = 649)

)

Records screened

Records excluded

(n=1649) (n=1563)
R d for eligibili Reports excluded (n = 65)
eports assessed for eligibilty > Did not include athletes or participants with training experience (n = 27)

(n = 86)

Combined BCAAs with other substances (n=33)
BCAAs were infused (n=1)

Did not include a control or placebo group (n=1)
Review or letter to editor (n=3)

A

[

Studies included in review

(n=21)

Figure 1. Flow chart diagram highlighting the studies included in the present review.



Nutrients 2022, 14, 4002

40f16

3.1. Study Characteristics

The studies included in the present review are summarized in Table 1. Different
outcomes were used to examine the impact of BCAA supplementation among athletes. The
studies have investigated the effect of BCAAs on performance [21,25-31], body composi-
tion [25,26], muscle soreness or recovery [21,25-37] and changes in biochemical, hormonal,
or molecular signaling [20,21,25-30,33,34,36,38—43].

The effects of BCAAs were tested using different exercise protocols and/or exposing
athletes to a variety of diets. Two studies examined the influence of BCAAs on specific
outputs after an intense bout of exercise, promoting glycogenic depletion [20,21]. A muscle-
damaging protocol was applied in resistance athletes and strength, jump performance,
creatine kinase, muscle soreness were assessed after acute BCAA supplementation [36]. A
separate investigation measured the impact of BCAAs on body weight, body composition,
strength parameters and resting metabolic rate using a carbohydrate restrictive diet [27].
The BCAA supplementation protocols varied between studies in relation to timing and
amount. For example, 10 g of BCAAs were ingested five minutes before and after strength
training sessions [26], while immunological parameters were tested in 12 triathletes and
24 marathon runners across 1 month supplemented with six grams of BCAA [38].
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Table 1. Characteristics of studies that included participants with training experience and branched-chain amino acid supplementation.

Study Participants

BCAA Supplementation Protocol

Exercise Protocol

Objective

Main Results

Blomstrand 7 male
etal. [20] endurance cyclists

Before and after every 15 min of exercise.
Aqueous solution containing 7 g.L*1 (40%
valine, 35% leucine and 25% isoleucine).

Cycling

Investigate the impact of
BCAAs when muscle
glycogen was reduced.

Biochemical, hormonal, molecular indicators:

Plasma concentration of amino acids (during exercise): changes
were noted for alanine and arginine after the ingestion of BCAAs;
Muscle concentration of amino acids: valine, isoleucine and valine
increased in the BCAA group;

Decrement in glutamate when BCAAs were ingested;

Muscle glycogen decreased significantly, during exercise, in the
placebo trial.

Blomstrand 7 male
etal. [21] endurance cyclists

Before and after every 15 min of exercise.
Aqueous solution containing 7 g.L =1 (40%
valine, 35% leucine and 25% isoleucine).

Cycling

Investigate the impact of
BCAAs when muscle
glycogen was reduced.

Performance:

Stroop Colour Word Test—color task: The BCAA group performed
better than the placebo trial; during word and color-word
examinations, no differences were noted;

No differences were noted between the trials in regards to the
amount of work completed during the last minutes.

Muscle soreness and recovery:

During exercise, ratings of perceived exertion and mental fatigue
were higher in the placebo trial than the BCAA group.

Biochemical, hormonal, molecular indicators:

No significant changes between BCAAs and placebos in

oxygen uptake,

respiratory exchange ratio, heart rate;

Free tryptophan/BCAA ratios increased in the placebo during
after exercise. The ratio remained unchanged in the BCAA group;
Lactate increased in the BCAA trial;

Muscle glycogen decreased significantly, during exercise, in the
placebo trial.

Bassit et al. [39] 12 male triathletes

Thirty days before and one week after
competition. After the training session
(6.0 g: 60% leucine, 20% valine, and 20%
isoleucine), during the first 30 days, and a
single dose of 3.0 g 30 min before the
triathlon, as well as a single dose (3.0 g)
daily, in the morning, in the first week
after the competition.

Running

Examine immunological
parameters before and
after an

international competition.

Biochemical, hormonal, molecular, indicators:

Glutamine decreased by 22.8% after competition in the placebo trial;
Plasma glutamine remained unchanged in the BCAA group;
Decrement in glutamine was associated with a higher rate of
infection symptoms and a proliferative response of lymphocytes.
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Table 1. Cont.

Study Participants BCAA Supplementation Protocol Exercise Protocol Objective Main Results
Chronic trtelatmoe;t ko1 of bod . Test the effect of chronic
(one month)—0.2 g kg™ of body mass: treatment with BCAA Biochemical, hormonal, molecular indicators:
De Palo leucine (1.17 g), isoleucine (0.63 g); valine supplementation on lactate o
11 male triathletes (0.61 g) before each meal. Thirty minutes ~ Running bp e After one month of BCAAs, lactate levels were lower than baseline;
et al. [40] before exercise: oral dose—leucine and growth hormones e  Growth hormone and growth hormone-binding protein also
(9.64 g), isoleucine (4.68 g), valine (0.61 g) before and 60 min after increased after one month of BCAA supplementation.
o B) 150°¢ 008 o1 8k running protocol.
before exercise: 30 min.
Thirty days before and one week after
competition. BCAA was supplemented Biochemical, hormonal, molecular indicators:
twice a day after each training session, to Examine immunological . . -
12 male triathletes and the triathletes or as a single dose to the parameters before and e Plasma glutam}ne decre.ased in the placgbo trial;
Bassit et al. [38] runners (6.0 g of 60% leucine, 20% valine, ~Running after an international ° Plasma glutammel rema.med unchanged in the BCAA group and
24 marathon runners and 20% isoleucine); single dose competition in triathletes increased the proliferative response of blood mononuclear cells;
(3.0 g)—30 min bef olr e the competition; and marathon runners. e BCAA supplementation stimulated the production of inter-leukin 2
triathletes received 3.0 g of BCAAs oné and interferon. Additionally, it promoted a Th1 immune response.
week after exercise.
Muscle soreness or recovery:
_ ) ) ) Three timed Examine the effects of e Muscle soreness was lower in the BCAA trial.
Koba et al. [34] 16 male distance runners Five days: 5 & leucine, 2.5 g isoleucine training sessions BCAAS on soreness and Biochemical, hormonal, molecular indicators:
and 2.5 g valine per day. (total 40 km) indicators of
per day muscle damage. e No differences in creatine kinase, lactate dehydrogenase

and aldorase were noted.

Areces et al. [25]

50 marathon runners
(n =47 males;
n = 3 females)

Seven days prior to the marathon race:

5 g.day~! of BCAA (1:0.5:0.5 of
leucine:isoleucine:valine) dissolved in
250 mL of water. Supplementation should
be consumed in the hours following their
habitual training routines.

Marathon race

Investigate the
effectiveness of BCAA
supplementation during
7 days to attenuate
muscle damage.

Performance:

e No differences in running speed, jumping height, leg muscle,
strength and power were noted between BCAAs and control group.

Body composition:

e  Similar changes in body weight in BCAAs and control trials.
Muscle soreness or recovery:

e No differences in the rate of perceived exertion.
Biochemical, hormonal, molecular indicators:

e  Urinary myoglobin did not differ between groups.
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Table 1. Cont.

Study

Participants

BCAA Supplementation Protocol

Exercise Protocol

Objective

Main Results

Atashk et al. [41]

20 male soccer players

Thirty minutes before the exercise
protocol: 200 mg.kg~! of BCAA (50%
leucine, 25% isoleucine, 25% valine).

Resistance
exercises: high
pull, lateral
pull-down,
standing overhead
press, leg
extension, leg curl,
leg press, and
bench press.

Investigate the
supplementation of BCAA
in acute

hormonal responses.

Biochemical, hormonal, molecular, indicators:

e Immediately after and 1 h post-exercise testosterone was higher
in the BCAA trial;

e Insulin concentration was higher 1 and 2 h post-exercise in the
BCAA trial;

e No differences were noted in cortisol concentrations 1 and 2 h
after exercise.

Four days per

Examine BCAA
supplementation in body

Performance:

e Lower and upper body strength increased significantly in the
BCAA group;
e  Repetitions in fatigue (squat and bench press exercises) did not

Dudgeon 17 male resistance Eight weeks: 14 g of BCAA (prior and week of resistance . .
. . . . composition, strength change in BCAA exposure.
etal. [26] training athletes following each workout). training during . h
8 weeks during carbohydrate Bod I
. restriction. ody composition:
e Body mass and lean body mass did not change in the BCAA group;
e  Fat mass decreased trivially in the BCAA trial.
Multi-joint Muscle soreness or recovery:

Gee et al. [35]

11 male resistance
training athletes

20 g of BCAA (2:1:1 leucine, isoleucine,
valine). Five minutes before (10 g) and
five minutes after strength training (10 g).

exercises: back
squat, bench press,
deadlift, military
press, barbell row.

Test the contribution of
BCAA on performance and
muscle soreness after
strength training.

e Muscle soreness was comparable in the BCAA and placebo trials;
e BCAA intervention attenuated the decrement in jumping
performance and seated shot-put throw.

Kephart
etal. [27]

18 male cyclists

Ten weeks: 12 g of BCAA: leucine (6 g);
isoleucine (2 g); valine (4 g).

160 km cycling
per week.

Investigate a long-term
intervention of BCAA in
performance and
immune system.

Performance

e BCAAs grouped increased peak power (20%) and mean power
(4%) from pre to post-test. Mean power differences were not
statistically different between groups;

e The BCAA group improved the time to complete 4 km by 11% but
without statistical significance.

Body composition:

e BCAAs did not have an impact on body fat percentage, fat mass
and lean leg mass.

Biochemical, hormonal, molecular indicators:

o The BCAA group had a greater post-BCAAs:tryptophan ratio
compared to the placebo group;
e After intervention, neutrophils increased in the placebo intervention.
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Table 1. Cont.

Study Participants BCAA Supplementation Protocol Exercise Protocol Objective Main Results
Performance:
e  Participants performed a comparable number of repetitions in
. . different groups (placebo, leucine, BCAAs and essential amino acids).
BCAA supplement (110 mg.kg™"): 25% Leg press (starting
L-isoleucine, 45% L-leucine, and 30% at 85% of their Test the BCAA intake in . . o
L-valine. Leucine was given at a dose of 1 RM; gradually stimulation of mechanistic ~ Biochemical, hormonal, molecular indicators:
Moberg 8 male resistance 50 mg.kg . Drink with supplement reducing the load targets of rapamycin e The anabolic signal (70-kDA ribosomal protein S6 kinase) was
etal. [28] training participants (150 mL) before and after the warm-up so that they could ~ complex 1 greater in the BCAA trial than in the placebo group;
sets, following the fourth and eighth sets ~ perform at least (mTORC1)-anabolic e  Essential amino acids promoted greater anabolic signs
and after 15, 30, 60, 90, and 120 min of 8-12 repetitions to  signalling. (phosphorylation of eukaryotic translation initiation factor 4E
recovery (total volume: 1.35 L). fatigue). binding protein 1) than BCAAs;
e During recovery, differences between BCAAs and essential
amino-acids were minimal.
Performance
BCAA supplement (110 mg.kg_l): 25% e No differences were noted in total work performed between trials.
_. ; Y N .
ilowtne Lo nd 30 Thestes | Tonescanmoken »
Samuelsson 8 male resistance €. [aministere m betore p - stimulation of PGC-1c4 (a Biochemical, hormonal, molecular indicators:
. . and after the warm-up sets, following the =~ x 8-10 repetitions . . . . .
etal. [29] training participants . . potential regulator of e P7056 kinease phosphorylation (signal of mTORC1) was greater in
fourth and eighth sets and after 15,30, 60, with rest between . . . . .
) R muscle hypertrophy). BCAAs and essential amino acids groups than placebo or leucine trials;
90, and 120 min of recovery (total volume:  sets (3 min). . .
135L) o PGC-1a4 (regulator of muscle hypertrophy) stimulation was
’ ' reduced when BCAAs or essential amino acids were ingested.
Muscle soreness or recovery:
e Decrement in muscle strength was attenuated 24 and 48 h
post-exercise;
S ¢ E o the eff ; e  Small differences (BCAAs > placebo) in counter-movement jump
Wald 16 resistance training Thi . bef d af h 1?]3 ;y per cent o BéaAane t ele ects 9 24 and 48 h post-exercise;
aldron athletes (n = 14 males; n irty minutes before and a ter.t € or supp emer}tatlon ON o  Muscle soreness was higher in the placebo trial 24 and 48 h
etal. [36] / muscle damage protocol re-testing. 10 repetitions recovery after an induced _ ;
=2 females) post-exercise.
across 6 sets. muscle damage protocol. . . o
Biochemical, hormonal, molecular indicators:
o  Creatine kinase was higher 24 and 48 h post-exercise in the
BCAA group.
1. . . . Biochemical, hormonal, molecular indicators:
Lvsenko 0.1 g.kg™" immediately after exercise. Modulate post exercise dth L ]
y 9 endurance athletes BCAA in the form of capsules leucine, Cycling anabolic and e BCAAssurpassed the exercise u'?hlbl'tor of mTQRC,
etal. [42] e BCAAs surpassed a mitochondrial biogenesis signal: PG1-1c.

isoleucine, and valine: 2:1:1.

proteolytic signalling.




Nutrients 2022, 14, 4002

9of 16

Table 1. Cont.

Study Participants BCAA Supplementation Protocol Exercise Protocol Objective Main Results
Barbell bench
press, landmine Performance:
Eeng-cl)lver oW, Eﬁgmnedt?e eéfé:sA of e No differences were noted between interventions in exercise
ine. i i i arbe and/or repetitions.
30 male ;ffgrzfalsgzgz; 135);:[1;1:.11?& :;1:11 valine. incline press, and supplementation during . P . oo )
Smith et al. [30] resistance athletes immediately followin, tlﬁ)e, last set of landmine resistance training in Biochemical, hormonal, molecular indicators:
each exercis}; & close-grip row hormonal o  Cortisol levels were lower in the BCAA group than BCAAs
: (5 sets x responses and exercise combined with carbohydrates and placebo;

until failure at 65%
of 1 RM -
2 min of rest).

performance.

e Insulin concentration was significantly higher in the carbohydrate
group than the BCAA and placebo group.

Vahid et al., [41]

30 track and
field athletes

Forty-two days of supplementation.

Six weeks of
athletics training.

Examine the effects of
BCAA supplementation
on fatigue.

Biochemical, hormonal, molecular indicators:

e BCAAs did not have an impact in two indicators of fatigue: lactate
and ammonia.

Squat: 10 sets x

Examine the effects of

Muscle soreness or recovery.

e  No differences were noted between the BCAA and placebo trials in
vertical jump, jump squat after eccentric exercise;

e  Maximal voluntary isometric contraction returned to baseline levels
after exercise;

VanDusseldorp 20 male Eight days: 0.22 g.kg~'.day ! during pe BCAA supplementation on
etal. [37] resistance athletes 8 days g(;‘;pftlgtll\zns at recovery and The BCAA group reported less muscle soreness at 48 h and 72 h
° . muscle damage. post-exercise.
Biochemical, hormonal, molecular indicators:
e Creatine kinase was lower in the BCAA trial, 48 h after exercise,
than the placebo group.
Five hundred milliliters of water Voll;eyrllaa.ll‘l/vt;?;::—llr;g ‘ )
Martin-Martiez 12 mal containing a sel,ss r(; st.ri P/ Test the effect of BCAA Performance:
et 21 [32] e volle;beall players 2:1:1 ratio for leucine, isoleucine and fez,k?niceal ;1 d supplementation onjump e  No statistical differences in counter-movement jump height

valine (7 g). Three times during one week
(Monday, Wednesday, Friday).

tactical drills,
cool-down.

performance.

between placebo and BCAAs groups were noted.




Nutrients 2022, 14, 4002

10 of 16

Table 1. Cont.

Study Participants BCAA Supplementation Protocol Exercise Protocol Objective Main Results
Performance:
e No statistical differences in vertical jump between the placebo and
BCAA groups were noted;
Test BCAA e  No statistical differences in speed between the placebo and BCAAs

Pancar et al. [32]

Two grams before and immediately

14 male soccer players .
play before exercise.

Five sets x
20 drop jumps.

supplementation on
performance and recovery

groups were noted.
Muscle soreness or recovery:

e No statistical differences in muscle soreness between the placebo
and BCAA group were noted.

Mor et al. [33]

Seven days: 5000 mg BCAA (2500 mg
30—40 min before training and 2500 mg
1 h after training).

24 male soccer players

Soccer training

Examine BCAA and
creatine supplementation
on anaerobic capacity and
ball shooting.

Performance:

e After intervention, mean power in the BCAA trial increased. Peak
power and fatigue index decreased in the placebo group (no
statistical differences were noted between groups).
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3.2. Risk of Bias

In general, studies show a lower risk of bias for the five domains (see Figure 2).
The details of randomization were not totally clarified in studies [31,33,38,39,42]. The
interpretation of the second domain—deviations from intended interventions—in seven
studies [26,32,33,35,38,39,42] needs caution. On the fourth domain—concerning measure-
ment outcome—five studies demonstrated a higher risk of bias [32,38,39,41]. This was
mainly related to the lack of assessors blinding before the intervention or manuscripts failed
to report whether observers were aware of treatment and control groups. The 21 studies
show a low risk of bias in the third and fifth domains.

Study ID DI D2 D3 D4 D5 Overall
Bloomstrand et al.

® owna

!  Some concerns

@ oo

Blomstrand et al

)

o/

Bassit et al.
De Paclo et al

—r

Bassit et al.

ot

Kobaet al.
Areces et al.
Atashak et al.
Dudgeon et al.
Geeetal
Kephart et al.
Meoberg et al.
Samuelsson et al.

Waldron et al

o

Lysenko et al.

N

Smith et al.
Vahid et al.
VanDusseldorp et al.
Martin Martiez et al.

Pancar et al.

S .\..__-_)’

Mor et al.

P WaY

Figure 2. Risk of bias for each study [20,21,25-43] using the revised Cochrane risk of bias tool for
randomized trials. D1: Bias arising from the randomization process, D2: Bias due to deviations
from intended interventions, D3: Bias due to missing outcome data, D4: Bias in measurement of the
outcome, D5: Bias in selection of reported results.

3.3. Results of Individual Studies

For the studies that evaluated the impact of BCAA supplementation on performance,
the participants typically consisted of cycling and running athletes [21,25,27,29], athletes un-
dertaking resistance training [26,28,30], volleyball [31] and soccer players [32,33]. Allowing
for variation in protocols of supplementation, the results of the present review suggest that
BCAAs had trivial effects on performance outputs. In another study, participants followed
a hypocaloric diet with either carbohydrate or BCAAs and a heavy resistance training
programme across 8 weeks [26]. The authors found that BCAA supplementation increased
upper (15.1 £ 2.2 kg) and lower body strength (7.1 £ 1.6 kg), significantly, while the CHO
group demonstrated negligible changes in upper body strength (4.8 &= 1.8 kg). A separate
study examining the effects of long-term BCAA supplementation over 10 weeks in 18 cy-
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clists, found a group vs. time interaction for peak power in the BCAA group [27]. However,
the authors did not control nutritional intake and athletes were instructed to maintain their
habitual dietary habits during the investigation [27]. Other studies examined the effects
of BCAA supplementation over 7 to 8 days [25,31,33] immediately before, during, or after
exercise [21,28-30]. For these studies, few manuscripts tested BCAA supplementation with
reference to performance indicators.

The effectiveness of BCAA supplementation on body composition was examined
in 50 amateur runners [25], 17 resistance athletes [26] and 18 cyclists [27]. Comparable
changes in body weight were observed in BCAAs and the control group after 7 days of oral
supplementation [25]. Negligible effects for the BCAA group were observed in lean tissue
and fat mass [26,27].

Muscle soreness or recovery were assessed by using scales or examining decrements in
performance post-exercise through the use of specific field or laboratory tests. In endurance
sports (running or cycling), the results of extracted studies are inconclusive. Ratings of
perceived exertion and mental fatigue were significantly reduced in the BCAA group
among seven endurance cyclists [21], while in 50 marathon runners no differences were
reported in ratings of perceived exertion [25]. In contrast, muscle soreness was lower in
the BCAA group compared with the placebo trial of 16 distance runners [34]. Studies that
included resistance participants and examined the effects of BCAAs on muscle soreness
or recovery indicated potential benefits of leucine, isoleucine or valine in the attenuation
of muscle soreness after exercise [36,37]. Two studies reported that the consumption of
BCAA supplementation attenuated the decrements in performance [36,37]. A variety of
biochemical, hormonal, molecular, parameters were analyzed after an exercise intervention
combined with BCAA supplementation. The main findings of these extracted studies reveal
that BCAA intake caused a substantial improvement in BCAAs:tryptophan ratio [21,27]
and immune response [27,38,39]. Allowing for methodological variation between studies,
the hormonal changes indicate that BCAA supplementation favored an anabolic hormonal
response. The cortisol level decreased after exercise and, in parallel, testosterone tended to
rise in participants that engaged in resistance training [3]. Studies that examined biochemi-
cal mechanisms were mainly focused on specific metabolic signals and their dependence of
target rapamycin complex 1 mechanism (mTORC1).

4. Discussion

The aim of this systematic review was to summarize the effects of BCAAs on per-
formance, muscle soreness, recovery, body composition and biochemical, hormonal and
molecular indicators among athletic populations. It was demonstrated that BCAA supple-
mentation has minimal impact on performance and negligible effects on body composition.
The effects of BCAAs on recovery and perceived muscle soreness were largely dependent
of sport and exercise modality. For endurance sports athletes, the results differed between
studies while in resistance participants the BCAAs mostly attenuated muscle soreness.

An early study claimed that BCAAs can be used as fuel during exercise, as an alter-
native to carbohydrates and fats [43]. This may explain the adoption of BCAA supple-
mentation during exercise in studies that evaluated performance outputs [21,28-30,32,33].
The effects of BCAAs on performance were negligible irrespective of short or long-term
protocols of supplementation. Note, the skeletons of amino acids are often metabolized to
Krebs cycle (citric acidy cycle) intermediates [44]. Although BCAA oxidation occurs mainly
in the muscle, the impact of carbohydrates on the muscle is more evident. By inference, the
role of carbohydrates on performance is crucial [45].

The contribution of BCAAs to promote protein synthesis and attenuate proteolysis is
activated by the mTORC1, an anabolic signal, which is dependent of insulin and insulin-
like growth factor 1 [2]. Among eight recreational active participants with at least one
year of training experience, three weeks of BCAA supplementation combined with resis-
tance training favored an anabolic profile with reference to cortisol and creatine kinase
reductions, and an increased testosterone level [46]. This study excluded participants that
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exceeded 0.8 g.kg~!.day~! of protein. More recently, contemporary research suggests
that 1.6 g.kg~!.day ! of protein intake is sufficient to optimize fat-free mass [47]. If an
adequate intake of protein is ingested, the effects of BCAA on strength and hypertrophy
are questioned [6]. The participants in the previous study [46], likely to meet the individual
recommendations of protein intake and, consequently, the BCAA supplementation had a
significant effect on cortisol, testosterone and creatine kinase. Comparable results were
observed among 20 male soccer players 24-h post-strength session [48]. Although, insulin
and testosterone were significantly higher in the BCAA group than the placebo, the daily
protein intake per body mass was not reported [48]. In contrast, 30 resistance participants
ingested approximately 1.67 g.kg~! of protein and negligible differences were noted be-
tween the BCAA and placebo trials [30]. Another study [29] examined subsequent signals
of mTORC1 activation—S6K1 (ribosomal protein kinase) and eukaryotic factor 4E binding
protein—without reporting protein ingestion. However, studies that examine the effects
of BCAAs should control the daily protein intake for intervention groups to ensure that
robust inferences are obtained.

When consuming during prolonged exercise, BCAAs showed an increase in the
BCAAs:tryptophan ratio, confirming the central fatigue hypothesis [49]. It has been shown
that during prolonged exercise, plasma fatty acids increased significantly and compete with
tryptophan for binding to albumin. The increase in free tryptophan in the blood resulted in
the transport of this amino acid across the blood—brain barrier. Consequently, tryptophan is
converted into serotonin which is related to central fatigue. On the other hand, substantial
increments of plasma BCAAs reduce the transportation of tryptophan to the brain and
serotonin formation [45]. Two studies investigated the ratio BCAAs:tryptophan ratio
during exercise [21,27]. For example, among 18 cyclists, the BCAAs:tryptophan ratio was
higher in the BCAA group with an increase of 20% and 4% peak and mean power outputs,
respectively [27]. It is plausible to suggest that the increase in BCAAs:tryptophan ratio
reduced the production of serotonin and fatigue and, subsequently, performance improved.
An additional study indicated differences in the BCA As:tryptophan ratio between groups
with a small impact on the Stroop Colour Word Test [21]. Nevertheless, BCAAs are often
combined with other macronutrients or supplements and this issue needs future research.

The studies extracted from this systematic review suggest that BCAA supplementation
attenuate muscle soreness, particularly in resistance athletes. Variable results were found
as indicators of muscle damage (i.e., creatine kinase and lactate dehydrogenase) at post-
exercise across studies. These results were consistent with previous reviews that examined
the effects of BCAAs on muscle damage indicators and muscle soreness [10,18,50]. Muscle
damage markers (creatine kinase, lactate dehydrogenase and myoglobin) were lower at
24 and 48 post-exercise for the BCAA group than the placebo condition. Likewise, delayed
onset muscle soreness was lower for the BCAA group than the placebo trial [10]. A recent
meta-analysis found that BCAAs had no significant effect on lactate dehydrogenase, while
lower levels of creatine kinase were reported post-exercise in the BCAA group (<24 h; 24 h
and 48 h). A significant heterogeneity between studies (75%) was observed 24- and 48-h
post-exercise [10].

In the current review, the inclusion criteria did not include grey literature. Furthermore,
the original studies present limitations that should be recognized. Firstly, few studies
reported the nutritional intake, especially protein ingestion expressed per kilogram of body
mass. Given the important role of leucine to simulate anabolic signals, future studies should
analyze the effects of isolated leucine and BCAAs separately, by including different groups
on experimental design. Additionally, future research should control the nutritional intake.

5. Conclusions

It was recently recommended that 200 mg.kg ~!.day ! over 10 days should be ingested
to attenuate exercise-induced muscle damage [50]. In the present review, supplementation
protocols were widely variable in terms of timing and quantity, and this issue deserves
particular attention in future research. The present review highlighted that BCAA sup-
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plementation does not appear to have a significant impact on performance. On the other
hand, oral ingestion of isolated BCAAs reduces muscle soreness. BCAAs are also available
in different supplementation products (e.g., protein whey) and are often combined with
other nutrients (e.g., carbohydrates). Thereby, the potential benefits of isolated BCAA
supplementation among athletes to attenuate muscle soreness and delay fatigue need to be
interpreted with caution.

Author Contributions: Conceptualization: D.V.M., A.F. (Ana Faria) and H.S.; writing—original draft:
D.VM., H.N., AF. (Ana Faria), D.D., A.E. (Adam Field) and H.S.; software: D.V.M., A.E. (Ana Faria)
and H.S.; writing—review and editing: D.VM., H.N., A.F. (Ana Faria), A.F. (Adam Field), D.D. and
H.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the present article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gleeson, M. Interrelationship between physical activity and branched-chain amino acids. J. Nutr. 2005, 135, 1591S-1595S.
[CrossRef] [PubMed]

2. Neinast, M.; Murashige, D.; Arany, Z. Branched Chain Amino Acids. Annu. Rev. Physiol. 2019, 81, 139-164. [CrossRef] [PubMed]

3. Nemet, D.; Wolach, B.; Eliakim, A. Proteins and amino acid supplementation in sports: Are they truly necessary? Isr. Med. Assoc.
J. 2005, 7, 328-332. [PubMed]

4. Lancha, A.H.J.; Campos-Ferraz, PL.D.; Rogeri, P.S. Suplementagio Nutricional No Esporte; Guanabara Koogan: Rio de Janeiro,
Brazil, 2009.

5. Phillips, S.M. The impact of protein quality on the promotion of resistance exercise-induced changes in muscle mass. Nutr. Metab.
2016, 13, 64. [CrossRef] [PubMed]

6.  Plotkin, D.L.; Delcastillo, K.; Van Every, D.W,; Tipton, K.D.; Aragon, A.A.; Schoenfeld, B.]. Isolated Leucine and Branched-Chain
Amino Acid Supplementation for Enhancing Muscular Strength and Hypertrophy: A Narrative Review. Int. J. Sport Nutr. Exerc.
Metab. 2021, 31, 292-301. [CrossRef] [PubMed]

7. Australian Institute of Sports. Branched-Chain Amino Acids (Bcaa) Summary Report: Consideration for Classification of a Supplement
Ingredient; Australian Institute of Sport: Bruce, Australia, 2021.

8.  Jager, R,; Kerksick, C.M.; Campbell, B.I; Cribb, PJ.; Wells, S.D.; Skwiat, T.M.; Purpura, M.; Ziegenfuss, T.N.; Ferrando, A.A.; Arent,
S.M.; et al. International Society of Sports Nutrition Position Stand: Protein and exercise. J. Int. Soc. Sports Nutr. 2017, 14, 20. [CrossRef]

9.  Wolfe, R.R. Branched-chain amino acids and muscle protein synthesis in humans: Myth or reality? J. Int. Soc. Sports Nutr. 2017,
14, 30. [CrossRef]

10. Doma, K.; Singh, U.; Boullosa, D.; Connor, J.D. The effect of branched-chain amino acid on muscle damage markers and
performance following strenuous exercise: A systematic review and meta-analysis. Appl. Physiol. Nutr. Metab. 2021, 46, 1303-1313.
[CrossRef]

11. Hormoznejad, R.; Zare, A.].; Mansoori, A. Effect of BCAA supplementation on central fatigue, energy metabolism substrate and
muscle damage to the exercise: A systematic review with meta-analysis. Sport Sci. Health 2019, 15, 265-279. [CrossRef]

12. Maughan, R].; Burke, L.M.; Dvorak, ].; Larson-Meyer, D.E.; Peeling, P.; Phillips, S.M.; Rawson, E.S.; Walsh, N.P,; Garthe, I.; Geyer,
H.; et al. IOC consensus statement: Dietary supplements and the high-performance athlete. Br. J. Sports Med. 2018, 52, 439-455.
[CrossRef]

13.  Wilkinson, D.J.; Hossain, T.; Hill, D.S.; Phillips, B.E.; Crossland, H.; Williams, J.; Loughna, P.; Churchward-Venne, T.A.; Breen,
L.; Phillips, S.M.; et al. Effects of leucine and its metabolite 3-hydroxy-p-methylbutyrate on human skeletal muscle protein
metabolism. J. Physiol. 2013, 591, 2911-2923. [CrossRef]

14. Aguiar, A.F; Grala, A.P; da Silva, R.A ; Soares-Caldeira, L.E; Pacagnelli, FL.; Ribeiro, A.S.; da Silva, D.K.; de Andrade, W.B,;
Balvedi, M.C.W. Free leucine supplementation during an 8-week resistance training program does not increase muscle mass and
strength in untrained young adult subjects. Amino Acids 2017, 49, 1255-1262. [CrossRef] [PubMed]

15. Burke, L.M. Practical Issues in Evidence-Based Use of Performance Supplements: Supplement Interactions, Repeated Use and
Individual Responses. Sports Med. 2017, 47 (Suppl. S1), 79-100. [CrossRef] [PubMed]

16. Page, M.].; Moher, D.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ]. M.; Akl, E.A.; Brennan,

S.E.; et al. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews. BMJ
2021, 372, n160. [CrossRef]


http://doi.org/10.1093/jn/135.6.1591S
http://www.ncbi.nlm.nih.gov/pubmed/15930475
http://doi.org/10.1146/annurev-physiol-020518-114455
http://www.ncbi.nlm.nih.gov/pubmed/30485760
http://www.ncbi.nlm.nih.gov/pubmed/15909468
http://doi.org/10.1186/s12986-016-0124-8
http://www.ncbi.nlm.nih.gov/pubmed/27708684
http://doi.org/10.1123/ijsnem.2020-0356
http://www.ncbi.nlm.nih.gov/pubmed/33741748
http://doi.org/10.1186/s12970-017-0177-8
http://doi.org/10.1186/s12970-017-0184-9
http://doi.org/10.1139/apnm-2021-0110
http://doi.org/10.1007/s11332-019-00542-4
http://doi.org/10.1136/bjsports-2018-099027
http://doi.org/10.1113/jphysiol.2013.253203
http://doi.org/10.1007/s00726-017-2427-0
http://www.ncbi.nlm.nih.gov/pubmed/28444456
http://doi.org/10.1007/s40279-017-0687-1
http://www.ncbi.nlm.nih.gov/pubmed/28332111
http://doi.org/10.1136/bmj.n160

Nutrients 2022, 14, 4002 150f 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Higgins, ].P.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.].; Welch, V.A. Cochrane Handbook for Systematic Reviews of
Interventions; John Wiley & Sons: Hoboken, NJ, USA, 2019.

Khemtong, C.; Kuo, C.H.; Chen, C.Y.; Jaime, S.J.; Condello, G. Does Branched-Chain Amino Acids (BCAAs) Supplementation
Attenuate Muscle Damage Markers and Soreness after Resistance Exercise in Trained Males? A Meta-Analysis of Randomized
Controlled Trials. Nutrients 2021, 13, 1880. [CrossRef] [PubMed]

Group CCCR. Data Extraction Template for Included Studies; Cochrane Consumers and Communication: Melbourne, Australia,
2016.

Blomstrand, E.; Ek, S.; Newsholme, E.A. Influence of ingesting a solution of branched-chain amino acids on plasma and muscle
concentrations of amino acids during prolonged submaximal exercise. Nutrition 1996, 12, 485-490. [CrossRef]

Blomstrand, E.; Hassmén, P; Ek, S.; Ekblom, B.; Newsholme, E.A. Influence of ingesting a solution of branched-chain amino acids
on perceived exertion during exercise. Acta Physiol. Scand. 1997, 159, 41-49. [CrossRef]

Sterne, J.A.C.; Savovig, J.; Page, M.].; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.Y.; Corbett, M.S.; Eldridge,
S.M,; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, 14898. [CrossRef]

Biittner, F.; Winters, M.; Delahunt, E.; Elbers, R.; Lura, C.B.; Khan, K.M.; Weir, A.; Ardern, C.L. Identifying the ‘incredible’! Part 1:
Assessing the risk of bias in outcomes included in systematic reviews. Br. J. Sports Med. 2020, 54, 798-800. [CrossRef]

Biittner, F.; Winters, M.; Delahunt, E.; Elbers, R.; Lura, C.B.; Khan, K.M.; Weir, A.; Ardern, C.L. Identifying the ‘incredible’! Part 2:
Spot the difference—A rigorous risk of bias assessment can alter the main findings of a systematic review. Br. ]. Sports Med. 2020,
54, 801-808. [CrossRef]

Areces, F; Salinero, ].].; Abian-Vicen, ].; Gonzalez-Millan, C.; Gallo-Salazar, C.; Ruiz-Vicente, D.; Lara, B.; Del Coso, ]. A 7-day oral
supplementation with branched-chain amino acids was ineffective to prevent muscle damage during a marathon. Amino Acids
2014, 46, 1169-1176. [CrossRef] [PubMed]

Dudgeon, W.D.; Kelley, E.P.; Scheett, T.P. In a single-blind, matched group design: Branched-chain amino acid supplementation
and resistance training maintains lean body mass during a caloric restricted diet. J. Int. Soc. Sports Nutr. 2016, 13, 1. [CrossRef]
[PubMed]

Kephart, W.C.; Wachs, T.D.; Thompson, R.M.; Brooks Mobley, C.; Fox, C.D.; McDonald, J.R.; Ferguson, B.S.; Young, K.C.; Nie, B.;
Martin, J.S.; et al. Ten weeks of branched-chain amino acid supplementation improves select performance and immunological
variables in trained cyclists. Amino Acids 2016, 48, 779-789. [CrossRef] [PubMed]

Moberg, M.; Apré, W.; Ekblom, B.; van Hall, G.; Holmberg, H.C.; Blomstrand, E. Activation of mTORC1 by leucine is potentiated
by branched-chain amino acids and even more so by essential amino acids following resistance exercise. Am. J. Physiol. Cell
Physiol. 2016, 310, C874-C884. [CrossRef] [PubMed]

Samuelsson, H.; Moberg, M.; Apr6, W.; Ekblom, B.; Blomstrand, E. Intake of branched-chain or essential amino acids attenuates
the elevation in muscle levels of PGC-1a4 mRNA caused by resistance exercise. Am. . Physiol. Endocrinol. Metab. 2016, 311,
E246-E251. [CrossRef]

Smith, J.W.; Krings, B.M.; Shepherd, B.D.; Waldman, H.S.; Basham, S.A.; McAllister, M.]. Effects of carbohydrate and branched-
chain amino acid beverage ingestion during acute upper body resistance exercise on performance and postexercise hormone
response. Appl. Physiol. Nutr. Metab. 2018, 43, 504-509. [CrossRef]

Martin-Martinez, J.P,; Calleja Gonzalez, J.; Adsuar Sala, J.C.; Gémez-Pomares, S.; Carlos-Vivas, J.; Pérez-Gémez, J. Short-term
branched-chain amino acid supplementation does not enhance vertical jump in professional volleyball players. A double-blind,
controlled, randomized study. Nutr. Hosp. 2020, 37, 1007-1011.

Pancar, S. The effect of Branched Chain Amino Acids Intake Before and after Exercise on Physical Performance and Recovery.
Ambient. Sci. 2020, 7, 243-246. [CrossRef]

Mor, A.; Acar, K.; Yilmaz, A.K; Arslanoglu, E. The effects of BCAA and creatine supplementation on anaerobic capacity and ball
kicking speed in male football players. . Mens Health 2022, 18, 5.

Koba, T.; Hamada, K.; Samurai, M.; Matsumoto, K.; Higuchi, T.; Zhao, M.; Miyata, H. Effect of A Branched-chain Amino Acids
Supplementation on Muscle Soreness during Intensive Training Program: 229: Board# 136: 11:00 AM-12:30 PM. Med. Sci. Sports
Exerc. 2005, 37, S43.

Gee, T.L; Deniel, S. Branched-chain aminoacid supplementation attenuates a decrease in power-producing ability following acute
strength training. J. Sports Med. Phys. Fit. 2016, 56, 1511-1517.

Waldron, M.; Whelan, K.; Jeffries, O.; Burt, D.; Howe, L.; Patterson, S.D. The effects of acute branched-chain amino acid
supplementation on recovery from a single bout of hypertrophy exercise in resistance-trained athletes. Appl. Physiol. Nutr. Metab.
2017, 42, 630-636. [CrossRef] [PubMed]

VanDusseldorp, T.A.; Escobar, K.A.; Johnson, K.E.; Stratton, M.T.; Moriarty, T.; Cole, N.; McCormick, J.J.; Kerksick, C.M.; Vaughan,
R.A.; Dokladny, K.; et al. Effect of Branched-Chain Amino Acid Supplementation on Recovery Following Acute Eccentric Exercise.
Nutrients 2018, 10, 1389. [CrossRef] [PubMed]

Bassit, R.A.; Sawada, L.A.; Bacurau, R.E; Navarro, F,; Martins, E., Jr.; Santos, R.V.; Caperuto, E.C.; Rogeri, P.; Costa Rosa, L.F.
Branched-chain amino acid supplementation and the immune response of long-distance athletes. Nutrition 2002, 18, 376-379.
[CrossRef]

Bassit, R.A.; Sawada, L.A.; Bacurau, R.F.; Navarro, F; Costa Rosa, L.F. The effect of BCAA supplementation upon the immune
response of triathletes. Med. Sci. Sports Exerc. 2000, 32, 1214-1219. [CrossRef]


http://doi.org/10.3390/nu13061880
http://www.ncbi.nlm.nih.gov/pubmed/34072718
http://doi.org/10.1016/S0899-9007(96)91723-2
http://doi.org/10.1046/j.1365-201X.1997.547327000.x
http://doi.org/10.1136/bmj.l4898
http://doi.org/10.1136/bjsports-2019-100806
http://doi.org/10.1136/bjsports-2019-101675
http://doi.org/10.1007/s00726-014-1677-3
http://www.ncbi.nlm.nih.gov/pubmed/24477835
http://doi.org/10.1186/s12970-015-0112-9
http://www.ncbi.nlm.nih.gov/pubmed/26733764
http://doi.org/10.1007/s00726-015-2125-8
http://www.ncbi.nlm.nih.gov/pubmed/26553453
http://doi.org/10.1152/ajpcell.00374.2015
http://www.ncbi.nlm.nih.gov/pubmed/27053525
http://doi.org/10.1152/ajpendo.00154.2016
http://doi.org/10.1139/apnm-2017-0563
http://doi.org/10.21276/ambi.2020.07.sp1.oa32
http://doi.org/10.1139/apnm-2016-0569
http://www.ncbi.nlm.nih.gov/pubmed/28177706
http://doi.org/10.3390/nu10101389
http://www.ncbi.nlm.nih.gov/pubmed/30275356
http://doi.org/10.1016/S0899-9007(02)00753-0
http://doi.org/10.1097/00005768-200007000-00005

Nutrients 2022, 14, 4002 16 of 16

40.

41.

42.

43.
44.
45.
46.

47.

48.

49.

50.

De Palo, E.F.; Gatti, R.; Cappellin, E.; Schiraldi, C.; De Palo, C.B.; Spinella, P. Plasma lactate, GH and GH-binding protein levels in
exercise following BCAA supplementation in athletes. Amino Acids 2001, 20, 1-11. [CrossRef]

Vahid, I.; Abdolali, B.; Fatemeh, M.; Alireza, N.; Mehdi, S. The effects of branch-chain amino acids on fatigue in the athletes.
Interv. Med. Appl. Sci. 2018, 10, 233-235. [CrossRef]

Lysenko, E.A.; Vepkhvadze, T.F; Lednev, EIM.; Vinogradova, O.L.; Popov, D.V. Branched-chain amino acids administration
suppresses endurance exercise-related activation of ubiquitin proteasome signaling in trained human skeletal muscle. J. Physiol.
Sci. 2018, 68, 43-53. [CrossRef]

Goldberg, A.L.; Chang, T.W. Regulation and significance of amino acid metabolism in skeletal muscle. Fed. Proc. 1978, 37,
2301-2307.

Stipanuk, M.H.; Claudill, M.A. Biochemical, Physiological, and Molecular Aspects of Human Nutrition; Saunders: St. Louis, MO, USA, 2013.
Jeukendrup, A.; Gleeson, M. Sport Nutrition, 3rd ed.; Human Kinetics: Champaign, IL, USA, 2018.

Sharp, C.P,; Pearson, D.R. Amino acid supplements and recovery from high-intensity resistance training. J. Strength Cond. Res.
2010, 24, 1125-1130. [CrossRef]

Morton, RW.; Murphy, K.T.; McKellar, S.R.; Schoenfeld, B.J.; Henselmans, M.; Helms, E.; Aragon, A.A.; Devries, M.C.; Banfield, L.;
Krieger, ].W,; et al. A systematic review, meta-analysis and meta-regression of the effect of protein supplementation on resistance
training-induced gains in muscle mass and strength in healthy adults. Br. ]. Sports Med. 2018, 52, 376-384, Erratum in Br. ]. Sports
Med. 2020, 54, €7. [CrossRef] [PubMed]

Atashak, S.; Baturak, K.; Azarbayjani, M. A.; Ghaderi, M.; Azizbeigi, K. Hormonal responses to acute resistance exercise after
branched-chain amino acids supplementation. Int. Med. J. 2014, 22, 1-5.

Newsholme, E.A.; Blomstrand, E. Branched-chain amino acids and central fatigue. J. Nutr. 2006, 136, 2745-276S. [CrossRef]
[PubMed]

Fouré, A.; Bendahan, D. Is Branched-Chain Amino Acids Supplementation an Efficient Nutritional Strategy to Alleviate Skeletal
Muscle Damage? A Systematic Review. Nutrients 2017, 9, 1047. [CrossRef]


http://doi.org/10.1007/s007260170061
http://doi.org/10.1556/1646.10.2018.10
http://doi.org/10.1007/s12576-016-0506-8
http://doi.org/10.1519/JSC.0b013e3181c7c655
http://doi.org/10.1136/bjsports-2017-097608
http://www.ncbi.nlm.nih.gov/pubmed/28698222
http://doi.org/10.1093/jn/136.1.274S
http://www.ncbi.nlm.nih.gov/pubmed/16365097
http://doi.org/10.3390/nu9101047

	Introduction 
	Materials and Methods 
	Eligibility Criteria 
	Information Source and Search Strategy 
	Selection Process 
	Data Collection Process and Data Items 
	Study Risk of Bias 

	Results 
	Study Characteristics 
	Risk of Bias 
	Results of Individual Studies 

	Discussion 
	Conclusions 
	References

