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Abstract: L-Carnitine (L-C) and any of its forms (glycine-propionyl L-Carnitine (GPL-C) or L-Carnitine
L-tartrate (L-CLT)) has been frequently recommended as a supplement to improve sports perfor-
mance due to, among others, its role in fat metabolism and in maintaining the mitochondrial
acetyl-CoA/CoA ratio. The main aim of the present systematic review was to determine the effects
of oral L-C supplementation on moderate- (50-79% VOZ max) and high-intensity (>80% VOZ max)
exercise performance and to show the effective doses and ideal timing of its intake. A structured
search was performed according to the PRISMA® statement and the PICOS guidelines in the Web of
Science (WOS) and Scopus databases, including selected data obtained up to 24 October 2021. The
search included studies where L-C or glycine-propionyl L-Carnitine (GPL-C) supplementation was
compared with a placebo in an identical situation and tested its effects on high and/or low-moderate
performance. The trials that used the supplementation of L-C together with additional supplements
were eliminated. There were no applied filters on physical fitness level, race, or age of the participants.
The methodological quality of studies was evaluated by the McMaster Critical Review Form. Of the
220 articles obtained, 11 were finally included in this systematic review. Six studies used L-C, while
three studies used L-CLT, and two others combined the molecule propionyl L-Carnitine (PL-C) with
GPL-C. Five studies analyzed chronic supplementation (4-24 weeks) and six studies used an acute
administration (<7 days). The administration doses in this chronic supplementation varied from 1 to
3 g/day; in acute supplementation, oral L-C supplementation doses ranged from 3 to 4 g. On the one
hand, the effects of oral L-C supplementation on high-intensity exercise performance variables were
analyzed in nine studies. Four of them measured the effects of chronic supplementation (lower rating
of perceived exertion (RPE) after 30 min at 80% VOZ max On cycle ergometer and higher work capacity
in “all-out” tests, peak power in a Wingate test, and the number of repetitions and volume lifted in
leg press exercises), and five studies analyzed the effects of acute supplementation (lower RPE after
graded exercise test on the treadmill until exhaustion and higher peak and average power in the
Wingate cycle ergometer test). On the other hand, the effects of L-C supplementation on moderate
exercise performance variables were observed in six studies. Out of those, three measured the effect
of an acute supplementation, and three described the effect of a chronic supplementation, but no
significant improvements on performance were found. In summary, L-C supplementation with
3 to 4 g ingested between 60 and 90 min before testing or 2 to 2.72 g/day for 9 to 24 weeks improved
high-intensity exercise performance. However, chronic or acute L-C or GPL-C supplementation did
not present improvements on moderate exercise performance.
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1. Introduction

Athletes often turn to nutritional supplements in order to maintain health and
maximize athletic performance [1]. Among them, as a supplement, L-Carnitine (L-C)
became popular following rumors that it helped the Italian national soccer team to win
the world championship in 1982, and it is often portrayed as a “fat burner”, supposedly
by increasing the aerobic contribution to exercise by increasing fat oxidation and muscle
mass and reducing fat mass [2]. Carnitine is a dipeptide which is an essential factor for
the membrane transport of acyl-coenzyme A (CoA) and is involved in the oxidation of
fatty acids in the liver and kidney [3]. For that reason, the main hypothesis of the cited
studies was that the potential increase in carnitine concentration in skeletal muscle would
lead to an increase in fatty-acid transport and oxidation, improving oxygen consump-

tion (VOZ) and endurance performance [4]. Likewise, in high-intensity exercise, carnitine
would reduce the blood lactate accumulation since it reacts with excess acetyl-CoA and
forms acetyL-Carnitine and CoA [5]. Moreover, carnitine may enhance blood flow and
oxygen supply to the muscle tissue via improved endothelial function, thereby reducing
hypoxia-induced cellular and biochemical disruptions and, therefore, improving muscle
recovery [6]. Likewise, the antioxidant effect of carnitine by increased overall antioxidant
enzyme status, could be effective on muscle recovery [7]. For all these reasons, L-Carnitine
(L-C) supplementation has shown potential multiple effects on different physiological and
metabolic pathways that could improve athletic performance in both moderate- and high-
intensity exercises (Figure 1) [8]. These mechanisms have been hypothesized to impact
sports performance through increasing and maintaining a high muscle carnitine content [9].
Nonetheless, it is difficult to increase muscle content due to the elevated transmembrane
gradient for L-C through the skeletal muscle, which facilitates carnitine output from mus-
cle to the plasma [10]. Therefore, L-C oral supplementation or another supplement with
L-C (glycine-propionyl L-Carnitine (GPL-C) or L-Carnitine L-tartrate (L-CLT)) could be an
effective strategy to achieve an increase in carnitine content in the muscle [11].

Potential effects on liver/vascular function Potential effects on
athletic performance
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Figure 1. Potential effects of L-Carnitine supplementation on different physiological and metabolic pathways that could

improve moderate- and high-intensity exercise performance.
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Regarding high-intensity exercise performance (>80% VO, max) [12], the role of car-
nitine in maintaining the acetyl-CoA/CoA ratio is especially important in maximum
and supramaximal exercises, such as sprints competitions or mid-distance races between
50 and 400 m in swimming [13]. In fact, previous studies have reported that long-term
oral L-C supplementation (2 g/day for 4 weeks) produced certain improvements on sports
performance determinants such as VOZ max (ML/min/kg) and maximal work output (K])
in both elite and amateur athletes [2]. In contrast, other studies did not find improvements
in other parameters such as the speed achieved during high-intensity interval exercise
(HIIT) in swimming [14] or in the consumption of oxygen, maximum power, or work done
during HIIT exercise [15]. On the other hand, some investigations reported that acute oral
L-C supplementation improved the speed achieved and rating of perceived exertion in
incremental tests until exhaustion after the intake of 3 or 4 g L-C combined with CHO 1 h
before testing [16].

On the other hand, the first oral L-C supplementation studies failed to obtain im-
provements on moderate-intensity exercise performance (50-79% VOZ max) [12], measured

as changes in heart rate responses during different cycle tests at 50% VO3 max after sup-
plementation with 1 g/day for 14 or 28 days [17] or 5 g/day for 5 days [18]. Likewise,
Soop et al. did not show differences in substrate oxidation or blood lactate concentra-
tion during prolonged moderate intensity cycling exercise [18]. These results may have
been because the duration and/or dose was insufficient to increase the muscle carnitine
pool and fatty-acid oxidation during prolonged exercise [19,20]. However, Stephens et al.
demonstrated with muscle biopsies that an insulin stimulus, by using insulin intravenous
infusions [21,22] or CHO intake [9,10], increased carnitine of muscle content after oral
L-C supplementation. In this line, Wall et al. presented positive results regarding muscle
glycogen saving during moderate-intensity exercise, which produced an increase in work-
ing capacity and a decrease in the perceived exertion scale in subsequent tests of greater
intensity after a chronic supplementation of 4 g/day of oral L-C supplementation together
with 80 g/day CHO (24 weeks) [23]. On the other hand, in studies with acute oral L-C
supplementation protocols (2-3 g of oral L-C 2-3 h before exercise) together with CHO
intake, no changes were reported in the use of substrates; hence, the increase in muscle
carnitine pool was seemingly not enough to produce improvements in this type of exercise
performance [20,24]. These results could indicate that, in addition to the content of the
muscle carnitine pool, there could be other mechanisms via which L-C could be effective
on sports performance.

Therefore, although oral L-C or glycine-propionyl L-Carnitine (GPL-C) or L-Carnitine
L-tartrate (L-CLT) supplementation could be effective in both high- and moderate-intensity
sports performance, the current scientific evidence is controversial. In this sense, to the
best of author’s knowledge, there is no clear information regarding the different effects
involved in high- and moderate-intensity performance, which are needed to understand
whether oral L-C supplementation can be effective. For that reason, the main aim of the
present systematic review was to determine the effects of oral L-C, glycine-propionyl
L-Carnitine (GPL-C), or L-Carnitine L-tartrate (L-CLT) supplementation on high- and
moderate-intensity exercise performance, as well as to identify the effective doses and ideal
timing of their intake.

2. Materials and Methods
2.1. Literature Search Strategies

The current systematic review was conducted on the basis of specific methodolog-
ical guidelines of Preferred Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) [25] and the PICOS question model for the definition of inclusion criteria: P
(population): “both physically active and untrained people”, I (intervention): “L-Carnitine
supplementation”, C (comparison): “same conditions with placebo or control group”,
O (outcome): “sports performance variables”, S (study design): “double-blind and ran-
domized parallel or crossover design” [26]. The systematic search of the current scientific
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literature was undertaken for scientific articles that analyzed the effects of L-Carnitine
supplementation on high-intensity exercise performance (>80% VO3 max) and moderate-

intensity (50-79% VOz max) exercise performance [12]. These cutoff points of the exercise
intensity were based on the study by Trinity et al., where they grouped the exercise in-

tensities as high intensity such as 80-90-100% VOZ max and moderate intensity such as

50-60-70% V02 max- The search was carried out in the Scopus and Web of Science (WOS)
databases, considering that the latter includes other databases such as CCC, DIIDW, K]D,
MEDLINE, RSCI, and SCIELO. Results obtained up to 24 October 2021 were included, but
no filter was applied to narrow the search by year. The following search Boolean equa-
tion was used to find the relevant articles: (“carnitine”[All Fields] OR “carnitine”[MeSH
Terms] OR “carnitine”[All Fields] OR “carnitine s”[All Fields] OR “carnitines”[All Fields]
OR (“carnitine”[MeSH Terms] OR “carnitine”[All Fields] OR “I carnitine”[All Fields]))
AND (“supplemental”[All Fields] OR “supplementing”[All Fields] OR “supplementa-
tion”[All Fields] OR “supplementation s”[All Fields] OR “supplementations”[All Fields]
OR “supplementation”[All Fields]) AND (“sport s”[All Fields] OR “sports”[MeSH Terms]
OR “sports”[All Fields] OR “sport”[All Fields] OR “sporting”[All Fields] OR (“athlete
s”[All Fields] OR “athletes”[MeSH Terms] OR “athletes”[All Fields] OR “athlete”[All
Fields] OR “athletically”[All Fields] OR “athletes”[All Fields] OR “sports”[MeSH Terms]
OR “sports”[All Fields] OR “athletic”[All Fields] OR “athletics”[All Fields]) OR (“exer-
cise”[MeSH Terms] OR “exercise”[All Fields] OR “exercises”[All Fields] OR “exercise
therapy”[MeSH Terms] OR (“exercise”[All Fields] AND “therapy”[All Fields]) OR “ex-
ercise therapy”[All Fields] OR “exercise s”[All Fields] OR “exercised”[All Fields] OR
“exerciser”[All Fields] OR “exercisers”[All Fields] OR “exercising”[All Fields])) AND
(“perform”[All Fields] OR “performable”[All Fields] OR “performance”[All Fields] OR
“performance s”[All Fields] OR “performances”[All Fields] OR “performative”[All Fields]
OR “performatively”[All Fields] OR “performatives”[All Fields] OR “performativity”[All
Fields] OR “performativity”[All Fields] OR “performed”[All Fields] OR “performer”[All
Fields] OR “performer s”[All Fields] OR “performers”[All Fields] OR “performing”[All
Fields] OR “performs”[All Fields]). No filters were applied to the athlete’s physical fitness
level, race, or age to increase the power of the analysis. Through this equation, related
scientific articles in this area were obtained applying the snowball strategy which returned
relevant articles in the field [27].

All titles and abstracts resulting from the search were referenced to identify duplicates
and potential missing studies. Titles and abstracts were selected for subsequent full-text
review. After the identification of potentially relevant articles, the full text was read,
evaluating their eligibility after evaluation with the designated inclusion criteria. The
search for published articles was carried out independently by two different authors
(J-M.-A. and L.P)). In case of disagreements related to the main outcomes, decisions were
finalized through third author (J.C.-G.).

2.2. Inclusion and Exclusion Criteria

The articles obtained in the search by the following inclusion criteria were followed
to select the studies used in the final review: (i) original articles with double-blind and
crossover or parallel controlled design; (ii) the impact of supplementation with L-C or
GPL-C or L-CLT in known amounts administered before and during exercise in healthy
humans was investigated; (iii) with identical experimental conditions where a placebo was
administered or there was a control group; (iv) at least one of the variables measured was on

high- (>80% VOZ max) and moderate-intensity (50-79% VOZ max) €xercise performance [12];
(v) with clear information on the administration of supplementation (doses and timing
intake); (vi) published in any language.

On the other hand, the exclusion criteria applied were the following: (i) studies carried
out on animals or sick participants; (ii) studies in which L-C was part of a compound with
multiple supplements; (iii) studies whose variables were not related to human performance;
(iv) studies in which the results or the method used was not clear; (v) uncontrolled trials;
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(vi) studies carried out using participants with cardiovascular, metabolic, or musculoskele-
tal disorders.

Once the inclusion/exclusion criteria were applied to each study, data on study source
(including authors and year of publication), study design, supplement administration
(dose and timing), sample size, characteristics of the participants (level, race, and gender),
and final outcomes of the interventions were extracted independently by two authors
(J.M.-A. and L.P) using a spreadsheet (Microsoft Inc, Seattle, WA, USA). Subsequently,
disagreements were resolved through discussion until a consensus was reached or through
third-party adjudication (J.C.-G.).

2.3. Study Selection

Two authors identified papers through a database search. The titles and abstracts
of publications identified by the search strategy were screened for a subsequent full-text
review and were cross-referenced to identify duplicates. All trials assessed for eligibility
and classified as relevant were retrieved, and the full text was peer-reviewed (L.P and
J.M-A). Moreover, the reference sections of all relevant articles were also examined by
applying the snowball strategy [27]. On the basis of this information within the full
reports, inclusion and exclusion criteria were used to detect the potential studies eligible
for inclusion in this systematic review. Disagreements were resolved through discussions
among the different authors.

2.4. Outcome Measures

The scientific literature was recollected related to the effects of oral L-C, GPL-C, or
L-CLT supplementation on both high- (>80% VO3 max) and moderate-intensity (50-79%

VO, max) exercise performance, as well as to identify the potential effective doses and ideal
timing of their intake. These results could be influenced by type of sport, dose of each
supplementation and duration of the intervention, and participant characteristics, such as
age, gender, ethnicity, body composition, training level, differences in training, nutrition
and health status, or ethnicity.

2.5. Quality Assessment of the Experiments

The methodological quality and risk of bias were assessed by two authors indepen-
dently (L.P and ].M-A), and disagreements were resolved by third party evaluation (J.C-G),
in accordance with the Cochrane Collaboration Guidelines [28]. These selected studies
were assessed using the McMaster Critical Review Form for Quantitative Studies [29]. This
evaluation was used to determine the methodological limitations existing in each of the
studies, thus allowing the quality of the results to be comparable among the different study
designs. The form consists of 16 items that evaluate criteria such as clarity in the purpose
of the study (item 1), the relevance of the literature used (item 2), the aptitude of the study
design (item 3), sample described in detail (items 4 and 5), use of informed consent (item 6),
reliability and validity of the outcome measures (items 7 and 8), description of methods
(item 9), statistical significance of the results (item 10), adequate analysis methods (item 11),
the importance of informed practice (item 12), dropout report (item 13), adequacy of the
conclusions (item 14), practical implications (item 15), and limitations recognized by the
authors (item 16). Criteria allow for an answer “yes = 1 point” or “no = 0 points”, except
for items 6 and 13 that present the option “if it is not applicable, suppose 3", entered to
eliminate the negative effect of assuming the value 0 on a binary scale when that specific
item did not apply to that study. The scoring scale is divided into five quality categories:
poor methodological quality (<8 points), acceptable methodological quality (9 to 10 points),
good methodological quality (11 to 12 points), very good methodological quality (from 13
to 14 points), and excellent methodological quality (>15 points).

The scores ranging from 9-14 points were obtained (Table 1), representing a minimum
methodological quality of 60% and a maximum of 93.33%. Out of the 11 studies, three
achieved acceptable methodological quality [14,15,20], two achieved good methodological
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quality [30,31], and the other six studies achieved very good quality [16,23,24,32-34]. No
study was excluded for not meeting the minimum quality threshold. The table details the
results of the evaluated criteria, where the main deficiencies were found in the method-
ological quality. These were mainly associated with items 5 and 7 of the questionnaires
corresponding to the detailed justification about the sample size and the reliability of study
results, respectively.

Table 1. Methodological quality of the studies included in the review by McMaster Critical Review Form for Quantitative Studies.

Studies Included ITEMS T % MQ
1 2 3 4 5 6 7 9 10 11 12 13 14 15 16

Trappe et al., 1994 [14] 1 1 1 1 1 0 O 1 1 1 0 O 1 0 O 60.00 A

Colombeani et al., (1996) [20] 11 1 1 o0 1 o0 1 1 0 1 O O 1 O 0O 9 6000 A

Broad et al., (2005) [30] 1 1 1 1 0 1 0 1 1 0 1 1 1 1 0 1 12 75.00 G
Smith et al., (2008) [34] t 1 1 1 o0 1 1 1 1 1 1 1 0 1 0 1 13 8666 VG
Jacobs et al., (2009) [32] 11 1 1 1 1 o0 1 1 1 1 1 O 1 1 1 14 9333 VG
Wall et al., (2011) [23] 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 13 81.25 VG
Orer et al., (2014) [16] t 1 1 1 o0 1 o0 1 1 1 1 1 1 1 1 1 14 8750 VG

Arazi & Mehrtash (2017) [31] 11 1 1 1 1 o0 O 1 1 1 1 0 1 O 0O 11 6875 G
Koozehchian etal.,, (2018)(33y 1 1 1 1 o0 1 1 o0 1 1 1 1 1 1 1 1 14 8750 VG
Burrus et al., (2018) [24] t 1 1 1 1 1 o0 1 1 o0 1 1 1 1 0 1 13 8125 VG

Shannon et al. (2018) [15] 11 1 0 o0 1 o0 O 1 o0 1 1 1 1 0 1 10 6250 A

Legend: T: (total items accomplished); 1: item accomplished; 0: item not accomplished; MQ: methodological quality; E: excellent; VG: very

good; G: good; A: acceptable.

3. Results
3.1. Main Search

After applying the previous search equation, 216 articles were identified through
database searches, and four additional articles identified from other sources. After the
elimination of duplicate articles (n = 51), 171 articles were examined by title and ab-
stract. Among these studies, 151 were removed with the following reasons: 48 were
non-intervention studies, 37 used animals or sick people as test participants, 15 studied
variables that did not occupy the main aim of this systematic review, and six administered
L-C mixed with other supplements. A full-text evaluation was performed on the remaining
65 articles applying the inclusion criteria. Out of the 65 articles, 30 were eliminated for
not using the double-blind design, 23 were eliminated for not having at least one outcome
related to sports performance, and one was eliminated for not having clear information
about the administration of supplementation. Therefore, 11 articles were finally included
in the current systematic review [14-16,20,23,24,30-34] (Figure 2).

3.2. Carnitine Supplementation

Participants and intervention characteristics of the studies included in this system-
atic review are described in Table 2. The total sample consisted of 203 participants
(men = 180; women = 23), and all studies were carried out with adult population aged
between 18 and 46 years. In all cases, both physically active and untrained participants
were selected to carry out the studies. Out of those, only two of them selected profes-
sional participants [16,31], seven studies were carried out with recreational or amateur
athletes [14,20,23,24,30,32,33], and two of them involved participants without any kind of
previous training [15,34].
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Records identified through
database searching
(n=216)

Additional records identified
through other sources

(n=4)

Eligibility Screening Identification

Included

l

Records after duplicates removed

Records screened

A 4

Full-text articles assessed
for eligibility

Records excluded
Type of document (n = 48)
Sick people or animals (n=37)
Unwanted studies variables
(n=15)
L-Carnitine mixed with other
supplements (n=6)

Studies included in
qualitative synthesis

Full-text articles excluded,
with reasons
No double-blind trials (n=30)
Variables unrelated to sports
performance (n=23)
Lack of clarity (n=1)

Figure 2. Selection of the studies included in the systematic review.

Regarding supplementation time, five studies analyzed the chronic supplementation of
L-C with a duration (depending on the study) ranging between 4 and 24 weeks [15,23,30,33,34].
The other six studies used an acute administration for 7 days, before and/or during the
test [14,16,20,24,31,32]. Specifically, the administration times varied among the studies in a
range between 1 and 3 h before the test, while only one study administered it during the
test [20], in which participants of a marathon race were supplemented 2 h before testing

and 20 km after starting.

Lastly, the administration doses in this chronic supplementation varied from 1 to
3 g/day depending on the study; however, in the case of one of the studies, two differ-
ent doses were analyzed (1 or 3 g/day) [34]. However, in acute supplementation, L-C
supplementation doses ranged from 3to 4 g.
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Table 2. Participants and intervention characteristics of the studies included with the systematic review.

Level of Professional
participants Amatt.eur
Untrained

2 studies [16,31]
7 studies [14,20,23,24,30,32,33]

L-Carnitine

Type of L-Carnitine  L-Carnitine L-Tartrate

6 studies [14,16,20,24,31,33]

[
[
2 studies [15,34]
[
3 studies [15,23,30]

Glycine-Propionyl L-Carnitine

2 studies [32,34]

4 weeks 1 study [30]
Chroni 8 weeks 1 study [34]
Time of romic 9 weeks 1 study [33]
administration 24 weeks 2 studies [15,23]
7 days 1 study [14]
Acute Before/during 5 studies [16,20,24,31,32]
1 g/day
(Propionyl L-Carnitine) 1 study [34]
2 g/day 2 studies [30,33]
Chronic
2,72 g/day 1 study [23]
Doses used
3 g/day .
(Propionyl L-Carnitine or L-Carnitine) 2 studies [15,34]
3 g (L-Carnitine) 3 studies [16,24,31]
Acute 3 g (Propionyl L-Carnitine) 1 study [32]

4 g (L-Carnitine)

3 studies [14,16,20]

Regarding the type of L-Carnitine supplemented, six studies used L-C [14,16,20,24,31,33]
while three articles used L-CLT [15,23,30] and two others combined the molecule propionyl
L-Carnitine (PL-C) with GPL-C [32,34].

3.3. High-Intensity and Moderate-Intensity Exercise Performance Outcomes Analyzed

The studies included in this systematic review measured a wide range of variables.
Consequently, the studies were divided by the nature of their outcomes into two different
tables. The first one (Table 3) includes the studies related to high-intensity performance
variables [15,16,23,24,30-34], while the second (Table 4) includes the studies with moderate-
intensity performance variables [20,23,24,30,31,34].

Table 3. Articles included in the systematic review that investigated the effect of L-C on high-intensity (>80% VOZ max)

exercise performance variables.

Author/s Population Intervention Outcomes Analyzed Main Results
Chronic L-C supplementation
zfgs; Ic;feigra)?roblc power (30 s on cycle GPL-C-1 GPL-C-3
Smith et al 32 untrained participants 1g/day of PL-Cn =11 . Absoiute and relative peak power ~ <
3417 (9 men and 23 women aged 3g/day of PL-Cn=12 1ve peak p
2008 [34] b . . Absolute and relative mean power o o
etween 18 and 44 years) Duration: 8 weeks o N
. % of fatigue “~ ~
. Absolute and relative total work A A
. 4 g/day L-CLT (2,72 g/day 30 min at 80% VO max on cycle Week12  Week24
Wall et al., 14 modgratelly t;elamed L-C) with 160 g of CHO ergometer:
2011 [23] recreationa; athletes distributed 2 times per day ~® ~ Borgscale AN T

(259 £ 2.1 years) (1 at breakfast and 4 h later)

Duration: 24 weeks

30 min “all out” on cycle ergometer:
. Work output ~ T
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Table 3. Cont.

Author/s Population Intervention Outcomes Analyzed Main Results
HIIT 1 ter (100%
450 g/day of L-CLT 3 HIIT on C‘yc e ergometer (
Shannon 14 untrained g/day L-C) with 160 g of VO, m’f‘X)'
etal., 2018 (‘zlg‘ f;“eeafs‘)e“ CHO distributed 2 times o VO, max ©
[15] Y per day (41; itlbrea)kfast and ¢  Watt max o
ater Work output
Duration: 24 weeks * orkoutpd <
Performance on bench press:
. Number of repetitions A4
103 ’ Third set lilfting volume s
erformance on leg press:
: ) 2g/dayof L-Ccapsof1g e  Number of repetitions T
K:toathzc(}ﬁlgn 23 endurance-trained males (one at breakfast and the N Third set lifting volume 1
[3,3] (25 + 2 years) other at lunch) Anaerobic performance (30 s Wingate
Duration: 9 weeks test):
. Mean power and relative peak o
power
. Peak power and absolute peak
power T
Acute L-C supplementation
Five 91.4 m (100 yd) repeated swims at a
Trappeetal, 20 trained collegiate male 4 g/day of L-C in a citrus supramaximal intensity with 2 min rest
1994 [14] SwIimmers drink twice daily for 7 days ~ between each
(20.1 £ 0.6 years) e  Swimming velocity “
Wingate test (5 sprints of 10 s on cycle
. ter)
. . 4,5 g GPL-C (3 g PL-C) with ~ "8°™¢ )
Jacobs et al., 24 resistance-trained men & - Peak Power on 3, 4, and 5 sprints 0
2009 [32] (25.2 + 3.6 years) 8 oz of watﬁr 90 min before ¢ Mean Power on 4 and 5 spr}i)nts 0
the test . Relative total mean and peak
power =
Graded exercise test on the treadmill LK3 LK4
until exhaustion:
Speed at:
3 g of L-C with a glass of . 2,2.5, and 3 mmol/L of blood 4 o
Orer & 26 male professional soccer juice (n = 12) LK3 lactate
Guzel, 2014 players 4 g of L-C with a glass of ° 3.5 mmol/L of blood lactate 1 1
[16] (18.42 "+ 0.50) juice (n = 14) LK4 e 4mmol/L of blood lactate T T
1 h before the test Borg Scale at:
. 8,11,and 12 km/h T >
. 13 and 14 km/h 0 0
° 15 and 16 km/h ~ T
Anaerobic sprint test (RAST)
. M 1
ﬁ'gﬁ;rslg 18 male artistic gymnasts 3 g of L-C 90 min before the * aximurn power i
21 + 2.12 years) test > Mean power
(2017) [31] ( y 20 m shuttle run
hd VOZ max T
3g1-C in 200 mL of H,O Exercise on cycle ergometer at 85%
B | 10 mod, | ) 3 h before the exercise VO peak:
urrus et al., moderately active men 94 g of CHO in 500 mL H,O ° Power output o
2018 [24] (27 £ 4 years) 2 h before the exercise P
94 g of CHO in 500 mL H,O ) .
30 min before the exercise ~ ® Time to exhaustion A

Legend: <+ no difference in effects between groups (p > 0.05); 1 statistically higher effects in L-C (p < 0.05); CHO: carbohydrates; HIIT:
high-intensity interval training; L-CLT: L-Carnitine L-tartrate; L-C: L-carnitine; PL-C: propionyl L-carnitine.
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Table 4. Articles included in the systematic review that investigated the effect of L-Carnitine on low—moderate-intensity

(50-79% VOZ max) athletic performance variables.

Author/s Population Intervention Outcomes Analyzed Main Results
Chronic L-C supplementation
90 min at 65% VOZ max ON cycle
ergometer:
~ - . Borg scale A
Broad etal, 15 endurance-trained Duration'34gw?efe]i<sc aLr;Fd(% %vZe?(; washout - ’ R
2005 [30] men (20 to 46 years) period between them ° VO,
20 km time trial duration:
Total time trial
° Total time trial <
?er(()ibiqlfxercise test on the GPL-C-1 GPL-C-3
32 untrained readmiil
Smith et al., participants (9 men 1 g/(éliay Off PL_% " - 1 . Borg scale © ©
2008 [34]  and 23 women (18 to 3 gD/ ay o Pg; - 12 '
44 years) uration: 8 weeks . VO, peak > >
° Total exercise time (_> H
14 Moderately 4 g of L-CLT (2,72 L-C) with 160 g of CHO  Test on cycle ergometer at 50%
Wall et al., trained recreational  distributed 2 times per day (1 at breakfast v, . week 12 week 24
2011 [23] athletes (25.9 + 2.1 and 4 h later . 2 " !
years) Duration: 24 weeks org scale < A
Acute L-C supplementation
Colombani 2 g of L-C 2 h before the marathonand 2 g
to cl)mlgagrg 7 endurance-trained of L-C after 20 km Marathon:
e a[.2,0] men (36 & 3 years) 125 mL of sugar tea every 5 km and 500 R Total ti
mL during the next hour after the otal ime >
marathon
3 g of L-C + 200 mL of H,O Test on cycle ergometer at 65%
. 3 h before the exercise VO .
Burrus et al., 10 moderately active 94 g of CHO in 500 mL of H,O 2 peak-
2018 [24] men (27 + 4 years) 2 h before the exercise e Powerat0,10,20,30y 40
94 g of CHO in 500 mL of H,O min o

30 min before the exercise

Legend: <+ no difference in effects between groups (p > 0.05); CHO: carbohydrates; L-CLT: L-Carnitine L-tartrate; L-C: L-carnitine; PL-C:

propionyl L-carnitine.

3.3.1. Effect of L-Carnitine Supplementation on High-Intensity Exercise Performance
(2800/0 VOZ max)

The effects of L-C supplementation on high-intensity exercise performance variables
were analyzed in nine studies [15,16,23,24,31-34]. Out of those, four measured the effects
of chronic supplementation [15,23,33,34] and five measured the effects of acute supplemen-
tation [16,24,31,32,35], all of them compiled in Table 3.

Firstly, for studies that used chronic L-C supplementation, Shannon et al. [15] mea-
sured variables in untrained participants after 24 weeks of supplementation and HIIT
training, such as VO2 max, Maximum power, and total work in a high-intensity interval
test on a cycle ergometer, without finding any significant differences in any parameters.
On the other hand, Wall et al. [23] used 2 g/day of L-CLT (1.36 g of L-C) supplementation
and carried out the same 24-week L-C supplementation period as Shannon et al. [15];
however, in this case, the participants analyzed were recreational athletes. A 30 min test
was carried out at 80% VO may, followed by another 30 min “all out” test using a cycle
ergometer, and significant improvements were found in both cases on perceived exertion
by Borg scale and work output. Koozehchian et al. [33] carried out in their study different
high-intensity tests in endurance-trained athletes. Significant improvements were found
in peak power and absolute peak power (30 s Wingate test) after 9 weeks of 2 g/day L-C
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supplementation. Additionally, they showed improvements on the number of repetitions
and volume lifted in the third set of leg press [33]. Despite performing the same cycle
ergometer test, Smith et al. [34] did not observe significant differences in high-intensity
power parameters (peak and average power), in percentage of fatigue, and in total work
(kJ), after 8 weeks of supplementation. In their case, the test was performed on untrained
participants, and they used different types of supplementation: 1 g/day of PL-C and
3 g/day, compared to the 2 g/day of L-C that Koozehchian et al. [33] used in their study.
This type of supplementation could be one of the possible causes of the difference found in
their results.

A further five studies measured the effect of acute supplementation with L-C on high-
intensity performance variables [16,24,31,32,35]. In the first study, Trappe et al. (1994) [14]
performed five repeated swims of 91.4 m (100 yd) at a supramaximal intensity with
2 min rest between each. These authors did not observe statistical differences between
groups in swimming velocity after 4 g/day of L-C in a citrus drink twice daily for 7 days.
Jacobs et al. [32] supplemented 4.5 g of GPL-C (3 g PL-C) with 8 oz of water 90 min
before the Wingate test without previous CHO load. Significant improvements were
found in the peak and mean power of the last series carried out by the participants. In
the study carried out by Orer and Guzel [16], two different L-C supplementation doses
(3 and 4 g/day) were prescribed with a glass of fruit juice in professional soccer players, 1 h
before carrying out an incremental test on a treadmill until exhaustion. Differences between
supplements were not significant, and, after their ingestion, the results showed how the
participants reached higher speeds and better data in perception of effort, suggesting
that acute supplementation with L-C could delay fatigue. Arazi and Mehrtash showed
significant differences in maximum power in an anaerobic sprint test (RAST) after 3 g of
L-C 90 min before the test [31]. Moreover, these authors showed significant differences in

VO3 max after a 20 m shuttle run in 18 male artistic gymnasts after L-C supplementation.

Lastly, Burrus et al. performed a cycle ergometer test at 85 % VO omax until exhaustion was
reached [24]. During this process, the moderately trained participants ingested 3 g of L-C
supplementation with a CHO load (3 h before competition), without statistical differences
in power achieved and time to exhaustion.

3.3.2. Effect of L-Carnitine Supplementation on Moderate-Intensity (50-79% V02 max)
Exercise Performance

The effects of L-C supplementation on moderate-intensity exercise performance vari-
ables were analyzed in four studies [20,24,30,34]. Out of those, two measured the effect
of a chronic supplementation [30,34], and three of them described the effect of an acute
supplementation [20,24]. All studies are described in Table 4.

The studies with chronic supplementation doses of L-C varied between 1 and 3 gr of
dose, but it should be noted that only Wall et al. [23] prescribed the joint intake of CHO
with supplementation. In their case, the study presented a longer duration (24 weeks) than
the study carried out by Smith et al. [34] and Broad et al. [30], which were 8 and 4 weeks,
respectively. None of them found significant improvements in any of the parameters
studied to measure moderate-intensity exercise performance. The tests carried out to
measure these variables were a 30 min test at 50% VOZ max 123] and a 90 min test at 65%
VOZ max [30], both tested using a cycle ergometer. However, in the study carried out by
Smith in 2008, the authors used a gradual exercise test after 8 weeks of aerobic training
in order to measure these parameters together with the total time of exercise, without
significant improvements in any case.

In acute supplementation studies [20,24,31], the intake of L-C along with CHO was
prescribed. For example, Colombani (1996) [20] measured the time necessary to finish a
marathon race in runners. Participants consumed L-C 2 h before and 20 km after starting.
The main results did not find significant improvements in total marathon time between
groups. Burrus et al. [24] carried out in their study a similar test to Wall et al. [23], in which,
after taking 3 g of LC 3 h prior, the participants were asked to perform 40 min on a cycle
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ergometer at 65% of V02 max, but the power reached measured from the beginning and
every 10 min did not improve significantly.

4. Discussion

The main aim of this systematic review was to determine the effects of L-C supplemen-
tation on exercise performance, analyzing the current evidence and evaluating its impact
on high- and moderate-intensity exercise performance. In addition, it summarized the
effective doses and ideal timing of their intake according to analyzed studies. The main
results indicated that specific oral L-C supplementation protocols could result in significant
improvements in high-intensity exercise performance. However, no significant changes in
low-moderate-intensity performance were found. The studies that achieved improvements

in high-intensity (>80% VOZ max) €xercise performance used acute doses of 3 to 4 g of
L-C or GPL-C ingested between 60 and 90 min before exercise and chronic doses of 2 to
2.72 g/day of L-C for longer periods up to 9 to 24 weeks.

The amino acid carnitine is well known for its role in the transport of long-chain
fatty acids into the mitochondrial matrix, where they are oxidized [8]. Furthermore, by
generating acylcarnitines, L-C defends the cell from acyl-CoA accretion [2]. Carnitine
is mostly obtained from animal-based foods, with endogenous production in the liver
and kidney providing a minor contribution. Due to the muscle’s inability to generate
carnitine, it is dependent on uptake from the bloodstream [36]. Mitochondrial fatty-
acid oxidation is a significant source of energy for muscle metabolism, especially during
exercise [37]. However, the availability of free L-C in the mitochondria appears to be
limited during this process, especially during high-intensity exercise [8]. Therefore, fatty-
acid oxidation decreases significantly as exercise intensity rises from moderate to high.
Given the importance of fatty acids in muscle bioenergetics and the limiting influence
of free carnitine on fatty-acid oxidation during endurance exercise, L-C supplementation
has been proposed as a means of improving exercise performance [2]. The function of
L-C supplementation on muscular performance has not yet been conclusively established.
Different experimental outcomes were obtained due to differences in exercise (high and
low-moderate) intensity, amount of L-C provided, method, and timing of administration
relative to the exercise (acute and chronic). In this review, the role of L-C in muscle
energetics was discussed, as well as the primary reasons for contradicting findings on the
supplementation of L-C.

4.1. Effects of 1-C Supplementation on High-Intensity Exercise Performance (>80% VO3 yax)

When exercise intensity is greater than 80% VO, may, the use of glycogen begins to pre-
dominate over fatty acids as an energy source. It represents a key fuel during long-duration
(>1 h) and high-intensity exercise [8]. In this sense, during high-intensity exercise, muscle
carnitine loading by L-C supplementation could result in a better matching of glycolysis,
pyruvate dehydrogenase complex (PDC), and mitochondrial flux, thereby reducing muscle
anaerobic energy generation [23]. In this sense, carnitine’s principal physiological roles
during high-intensity exercise goes from acetyl group buffering (i.e., generating acetylcar-
nitine) to maintaining a pool of free co-enzyme A, which is required for mitochondrial
flow to proceed (including the pyruvate dehydrogenase complex reaction) [38]. How-
ever, there is still a rise in the acetyl-coenzyme A (acetyl-CoA)/CoASH ratio during this
type of activity, presumably due to the considerable depletion of the free carnitine pool
(to <6 mmol/kg dry muscle) induced by acetylcarnitine synthesis [39].

As a result, an increase in skeletal muscle total carnitine content may provide more
effective buffering of acetyl-CoA production during high-intensity exercise, counteracting
the increase in the acetyl-CoA/CoASH ratio and enhancing PDC flow and mitochondrial
ATP production [23]. This would diminish the contribution of glycolysis and PCr hydrol-
ysis to ATP synthesis, especially during the rest-to-exercise transition, when inertia in
mitochondrial ATP production is known to exist at the level of PDC activation and flux [40].
Furthermore, increasing PDC flow during high-intensity exercise is likely to lower mus-
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cle lactate generation, potentially improving exercise performance by reducing muscular
acidosis [41]. These metabolic actions could have significant implications for anaerobic
ATP during high-intensity exercise. In this way, improved muscle strength (number of
repetitions and third set lifting volume) [33] and anaerobic performance by 30 s Wingate
test (mean and peak power) [32,33], as well as decreased perceived exertion effort and an
increase in work production [16,23], has been reported. Moreover, decreasing post-exercise
blood lactate levels after graded exercise test on the treadmill were revealed [16]. These data
suggest that both chronic and acute L-C supplementation could result in improvements in
high-intensity performance [16,23,32,33].

4.1.1. Chronic L-C Supplementation Protocol for High-Intensity Exercise Performance
(=80% VOZ max)

According to the results of included studies, 2 to 2.72 g/day of L-C for 9 to 24 weeks
could be beneficial in improving athletic performance during high-intensity exercise.
Wall et al. [23] revealed that supplementation with 4 g of L-CLT (2.72 g of L-C) with 160 g
of CHO distributed two times per day for 24 weeks led to a 35% improvement in work

capacity in an “all out” test. This test was performed for 30 min at 50% VOZ max, followed

immediately by 30 min at 80% VOZ max [23]. Authors indicated that this advantage in the
“all out” test was because the group supplemented with carnitine had 71% more muscle

glycogen compared to the control, particularly due to savings in the 30 min at 50% VO, max
test [23]. On the other hand, Koozehchian et al. [33] described improvements in peak
power and absolute mean power derived from a lower accumulation of blood lactate
concentration during a 30 s Wingate test after 2 g/day of L-C supplementation for 9 weeks.
In addition, these authors observed improvements in the number of repetitions and lifting
volume in the third set of leg press exercises with the same previous protocol [33]. These
improvements were attributed to the fact that the increase in training volume was greater
in the supplemented group, since the training program intensity was moderate. Therefore,
chronic L-C supplementation could result in a greater fatty-acid oxidation rate, thereby
preserving muscle glycogen stores [23]. To support this idea, these studies found that
increasing muscle carnitine content saves muscle glycogen during low-intensity exercise
(consistent with an increase in muscle lipid utilization), but that increasing muscle carni-
tine content reduces muscle anaerobic ATP production during high-intensity exercise by
better matching glycolytic, pyruvate dehydrogenase complex, and mitochondrial flux [23].
Moreover, this effect could be due to decreased post-exercise lactate levels and attenuated
exercise-induced oxidative stress markers [33,42].

On the contrary, other studies with chronic supplementation protocols using lower
or similar L-C doses (1 to 3 g/day) for periods between 4 and 24 weeks did not obtain
improvements in this type of performance [15,30,34]. Smith et al. [34] did not show
significant differences in power, total work, or percentage of fatigue after a test of anaerobic
power (30 s on cycle ergometer) when the athletes were supplemented with both 1 g/day
of PL and 3 g/day of PL for 8 weeks. These authors attributed these results to inadequate
testing methods or to the high degree of variability in participant response. In the same
line, Broad et al. [30] did not present improvements in 20 km time trial duration after
3 g/day of L-CLT (2 g/day L-C) for 4 weeks. In this case, the high content of prior muscle
carnitine could have led to the participants not oxidizing more fatty acids during the test.
In addition, the relatively short time of supplementation did not allow for improvements
in these deposits. For this reason, the investigators considered that future studies could
analyze carnitine administration along with CHO-rich feedings to induce hyperinsulinemia
in order to increase skeletal muscle carnitine content [34].

Lastly, HIIT emerged several decades ago in response to the need for training tech-
niques for athletic events of high intensity and often also of long duration [43]. It is well
known that HIIT exercise increases glycolytic and mitochondrial ATP and can induce mor-
phological changes such as a conversion of fiber type morphology or increased fiber type
area in fast-twitch fibers [44]. In this sense, after 24 weeks of 2 g/day L-CLT (1.36 L-C) with
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80 g/day of CHO supplementation during a HIIT training program, Shannon et al. [15]
did not find significant improvements derived from less blood lactate accumulation, such

as better VOZ max, power, and work performed. However, it is likely that the duration of
exercises in this study (two sets of 3 min) was not enough to allow a plateau of acetyl accu-
mulation, which is normally observed within 10 min at 75-90% VO,; thus, the ability of L-C
to buffer acetyl groups would be less critical when it comes to finding improvements [15].
The authors explained that increased reliance on nonmitochondrial ATP resynthesis dur-
ing a second bout of intense exercise is accompanied by increased carnitine acetylation.
However, muscle carnitine during 24 weeks of HIIT did not alter this effect, nor did it
enhance muscle metabolic adaptation or performance gain compared with HIIT alone [15].
Other studies also found no significant differences in performance parameters during high-
intensity tests after chronic supplementation of 4 g of L-C with CHO for 14 and 7 days [14],
confirming that the supplementation period was insufficient, the exercise intensity was
perhaps too great, and the glycolytic flux exceeded the capacity of the carnitine pool to
effectively maintain the acetyl CoA/CoA ratio.

4.1.2. Acute L-C Supplementation Protocol for High-Intensity Exercise Performance
(=80% VOZ max)

Doses from 3 to 4 g of L-C or GPL-C supplementation ingested between 60 and 90 min
before exercise have been shown to improve different performance parameters. Lactate
threshold values achieved at higher speeds and lower levels of perceived exertion scales
during incremental tests until exhaustion were presented in [16]. Equally, an increase in
peak and average power of the last 10 s sprints in Wingate tests on a cycle ergometer was
identified [32]. These effects could be explained by more effective use of the aerobic energy
system with the buffering capacity of acylcarnitines, resulting in a delay in the arrival of
the lactate threshold and, therefore, consequent fatigue [8]. To provoke the insulin stimulus
that increased the muscle carnitine content, Orer and Guzel prescribed 3 or 4 g/day of
L-C supplementation in combination with CHO consumed in orange juice [16]. On the
other hand, the type of supplementation used by Jacobs et al. [32] was a combination
of the amino acid glycine with the molecule propionyl L-Carnitine in order to increase
levels of nitric oxide, although the physiological mechanisms remain to be elucidated to
the best of the author’s knowledge. It was in 2007 when the ability of glycine to increase
the plasma concentration of nitrites and nitrates was reported. This phenomenon could
have the potential effect of improving blood flow to skeletal muscle during exercise [45].
Therefore, the significant improvements in Jacobs et al.’s study were attributed to the
vasodilator effects of nitric oxide that caused an improvement in the exchange of nutrients
and metabolic products in muscle tissue [32]; hence, this kind of GPL-C supplementation
could be an alternative to the use of CHO to increase muscle carnitine content.

However, before discovering the necessity to carry out an insulin stimulus in order
to increase muscle carnitine reserves, some studies [9,21,22] found lower accumulation of
blood lactate concentration and an increase in VO, and work capacity after oral L-C sup-
plementation without insulin stimulus, particularly in high-intensity exercises [46,47]. In
addition, another study found a decrease in blood lactate accumulation and improvements
in power after intravenous supplementation [42]. An initial limitation may be the lack
of methodology given that they did not present muscle biopsies, highlighting whether it
was possible to increase the content of muscle carnitine. For that reason, the concluded
improvement in parameters with L-C supplementation is unfounded [35].

On the contrary, other acute supplementation protocols with similar or lower doses
(between 3 and 4 g) ingested earlier (between 2 and 3 h before testing) or during the same
test did not obtain improvements in high-intensity exercise performance parameters [20,24].

There was a lack of improvement in power or time to exhaustion during a test at 85% VO,
on a cycle ergometer or in the speed achieved at 4 mmol/lactate in tests of submaximal
performance after a marathon race [24]. These results were attributed to the fact that
the intake of the supplementation period with CHO was not sufficient to increase the
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carnitine reserves in muscle and modify the substrate used du [20,24]. Furthermore, in
the case of Burrus et al. [24], despite meeting the inclusion criteria (45 mL/kg/min of

VO, peak), participants had great variability in the number of days and the duration of the
training sessions. Therefore, it may be that the duration to exhaustion was not affected
by the differences in participants” aerobic practice [24]. For this reason, it is necessary to
carry out more research to clarify these contradictions and identify the appropriate way to
supplement with L-C acutely.

The variability of the results after both acute and chronic supplementation may be
derived from differences in methodological approaches, individual differences among par-
ticipants, type of stimulus, and lack of muscle biopsy data on muscle carnitine content [30].
Even so, from the studies included in this review;, it can be concluded that supplementation
with 3 to 4 g of L-C or GPL-C ingested 60-90 min before exercise, as well as doses 2 to
2.72 g with CHO over periods of 9 to 24 weeks, could be beneficial to improve performance
in incremental tests, 10 s sprints, Wingate tests, and all out tests. These effects could be
better if supplementation with L-C includes CHO.

4.2. Effects of L-C Supplementation on Moderate-Intensity Exercise Performance (50~79% VO yax)

Great cardiovascular capacity and metabolic adaptation are required in moderate-
intensity exercise performance to supply the O, needs during exercise [48,49]. Although a
genetic predisposition is important to perform this type of discipline, training and nutrition
protocols are essential to improve performance in moderate-intensity exercise events [50].

From a metabolic point of view, during exercise at 50% VOZ max intensities or below, fatty-
acid oxidation is the most predominant source of energy, whereas, during exercise of

moderate intensity (between 50 and 70% VO3 may), the energy source is provided by both
fatty acids and glucose, with a gradual increase in the intensity [51].

In this sense, the main role of carnitine during the exercise of low intensity, when
the PDC activation and the flow are minimum, very likely involves the translocation of
mitochondrial fatty acids [23]. Although it has been suggested that free carnitine only

limits fat oxidation at exercise intensities greater than 70% V02 max, it has also been ob-
served that an acute increase of 15% in the muscle carnitine content reduced glycolytic
flow mediated by insulin and PDC activation compared to a control group [22]. In addi-
tion, this effect was also followed by an increase in muscle glycogen and long-chain CoA,
which indicates an increase in muscle fatty-acid oxidation and CHO storage mediated
by carnitine [22]. Therefore, free carnitine availability can be a limiting factor in mito-
chondrial fatty-acid translocation both at rest and during low-intensity exercise, and an
increase in skeletal muscle total carnitine content would increase the fatty-acid oxidation
while reducing PDC activation and glycogen utilization during low—-moderate-intensity
exercise [23]. In this sense, the increase in muscle carnitine increased fat oxidation during
low-moderate-intensity exercise could save glycogen reserves and, therefore, decrease the
fatigue at intensities below blood lactate threshold [13]. Lastly, another study looked at

the effect of supplementation on aerobic capacity, fat oxidation, and VO, may, i.e., physical
performance [42]. Regarding the dose, differences were observed among acute and chronic
supplementation protocols, although this review did not find significant improvements in
moderate-intensity exercise performance parameters.

4.2.1. Chronic L-C Supplementation Protocol for Moderate-Intensity Exercise Performance
(50-79% VO3 max)

More than 95% of the body’s carnitine pool is confined to skeletal muscle, where it
fulfils two major metabolic roles. For any given tissue the normal carnitine content is that
which is necessary for an optimal rate of long-chain fatty-acid oxidation [52]. Firstly, in
mitochondrial fatty-acid translocation and transport, carnitine is a substrate for carnitine
palmitoyl-transferase 1 (CPT1) [53]. For that reason, oral carnitine feeding has been advo-
cated as a possible ergogenic aid, with the main premise that it increases muscle carnitine
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content. In consequence, it would increase muscle fat transport and oxidation, as well as
delay muscle glycogen depletion [23,53]. In three of the studies included in this systematic
review, supplementation doses of 1 to 3 g of L-C or GPL-C over a period of 4, 8, or 24 weeks
did not observe significant differences in moderate-intensity exercise performance parame-
ters [23,30,34]. In the same line, a lack of improvements in a scale of perceived exertion,

VOz peak, and total time in tests of gradual exercise on a treadmill and 90 min on a cycle

ergometer at 65% V02 max Was observed two 2 of the studies [30,34]. One potential reason
could the inability to increase muscle carnitine concentrations, although, in the case of
Broad et al. [30], no biopsies were performed to report this statement. Moreover, this
suggests that improvements in moderate-intensity exercise parameters could have been
found if the studies were carried out using less trained participants and if lower exercise
intensities were evaluated. Therefore, variability in the type of population analyzed in the
studies represents another limitation in order to find conclusive results.

On the other hand, Wall et al. [23] supplemented L-C together with the intake of CHO
and found no improvements in a scale of perceived exertion during moderate-intensity
exercise, but a more integrating variable is needed to argument the changes, since the
perception was not enough despite the placebo effect. However, as mentioned previously,
the saving of muscle glycogen and the increase in fat oxidation revealed by muscle biopsies
during this test allowed an improvement in the work capacity of later tests at greater
intensity [23]. Unlike Wall et al. [23], previous studies used higher doses of L-C (5 to
6 g) for shorter periods (5, 7 and 14 days) and without taking CHO, but they did not
report changes in the substrate utilization during moderate-intensity exercises [18] or in
the muscle carnitine content by biopsies [54].

On the contrary, the observation that L-C does not affect muscle carnitine content
without prior insulin stimulation seems to be in contrast with two previous studies that
used supplementation of 2 g of L-C together with CHO intake for 4 weeks in moderate-
to low-intensity tests [54,55]. While muscle biopsies performed in one of them reported
increases in the pyruvate dehydrogenase activity and VO; yax of the participants [54], in
the other one, no biopsies were carried out; however, a lower respiratory quotient was
reported, suggesting that performance improvements derived from increased fat oxidation
and probable muscle glycogen sparing could be expected [55]. However, in this study;,
there were no changes in parameters such as O,. Furthermore, other measurements such
as oxygen uptake, heart rate, blood glycerol, and resting plasma free fatty-acid concen-
trations would have been necessary to report the improvement in different performance
parameters [55]. For this reason, more studies are needed to be able to affirm with con-
viction the improvements in low—moderate-intensity performance derived from chronic
supplementation protocols.

4.2.2. Acute Supplementation Protocol for Moderate-Intensity Exercise Performance
(50-79% VOy max)

Along with the intake of CHO, doses of 3 g of L-C 3 h before exercise at 65% V02 max
on a cycle ergometer and doses of 2 g taken 2 h before a marathon race and 20 km after start
did not find significant improvements in the power achieved during 40 min on the cycle
ergometer or in total time in a marathon [20,24]. In another study with L-C and L-tartrate,
they used the same supplementation protocol as Burrus et al. [24] (3 g of L-C 3 h before),

and no changes were found in the substrate used during a 60 min test at 60% VOZ max 196].
The lack of improvements in these types of studies concluded that the supplementation
period was not sufficient to increase the L-C reserves in the muscle and, therefore, the
substrate utilization was not modified [20,24,56]. More research is necessary to explain the
results and provide greater clarity and scientific evidence about the acute supplementation
protocol of L-C in moderate-intensity exercise performance and related outcomes.
Related to moderate-intensity exercise performance, different methodological ap-
proaches presented contradictory results after both acute and chronic supplementation
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protocols. Although more studies are needed to confirm the real effect of supplementation
on moderate-intensity exercise performance parameters, this systematic review concluded
that, while L-C supplementation with CHO and 2.72 g of L-C for a prolonged period of
24 weeks could increase muscle carnitine content, fat oxidation, and glycogen sparing
during low-intensity testing, it seemingly had no effect on moderate-intensity exercise
performance.

4.3. Limitations, Strengths, and Future Lines of Investigation

Interesting improvements were found in some parameters included in this system-
atic review, especially regarding high-intensity performance. However, factors limited
conclusive results in other studies. Among these factors were an insufficient sample size,
variability in the type of population analyzed, type of supplementation, and inclusion or
non-inclusion of insulin stimulus with its intake, as well as lack of muscle biopsy data mea-
suring the content of muscular carnitine. In contrast, the main strength of this systematic
review is its description of the current state of the art analyzing different supplementation
dosages and timing. On the other hand, the classification of high- and moderate-intensity
exercise performance could not be fully adjusted as a function of the criteria. Likewise,
this systematic review did not include recovery outcomes, which are an essential part of
sports/exercise performance.

Future research lines should focus on homogenizing L-C supplementation protocols
regarding the dose and timing, due to various current methods found in the current
literature. On the other hand, the potential synergy among supplements with similar
objectives (for example, ketones) should be studied, as well as the already evaluated effect
of supplementation together with CHO. Therefore, more studies are needed that meet
ideal conditions and that can be replicated to recommend this supplement for improving
sports performance.

5. Conclusions

In this systematic review, evidence revealed that both acute and chronic L-C sup-

plementation could have positive effects on high-intensity (>80% VOj mayx) performance
exercise outcomes. In particular, doses of 3 to 4 g of L-C or GPL-C ingested between 60
and 90 min before exercise could improve the lactate threshold and achieve lower levels of
perceived exertion during incremental tests until exhaustion, as well as increasing peak and
average power in the Wingate cycle ergometer test. Likewise, doses of 2 to 2.72 g/day of
L-C for longer periods up to 9 to 24 weeks also resulted in lower blood lactate accumulation
and scale of perceived exertion, along with increases in work capacity in “all out” tests,
peak power in a Wingate test, and the number of repetitions and volume lifted in leg
press exercises.

On the other hand, supplementation with 2.72 to 3 g/day of L-C with or without
CHO intake for 4 to 24 weeks did not present improvements in performance parameters

during moderate-intensity exercise (50-79% VOZ max)- Likewise, doses of 2 to 3 g of L-C
ingested between 30 min to 3 h before exercise do not appear to be effective when it comes
to improvements in moderate-intensity exercise performance.

Author Contributions: ] M.-A., L.P. and J.C.-G. conceptualized and designed the review, as well as
analyzed and interpreted the data. A.V,, J.G.-B. and D.F.-L. analyzed and interpreted the data. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors did not receive funding.
Institutional Review Board Statement: Not required.
Informed Consent Statement: Not required.

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



Nutrients 2021, 13, 4359 18 of 20

References

1.  Garthe, I.; Maughan, R.J. Athletes and supplements: Prevalence and perspectives. Int. ]. Sport Nutr. Exerc. Metab. 2018,
28, 126-138. [CrossRef] [PubMed]

2. Karlic, H,; Lohninger, A. Supplementation of L-carnitine in athletes: Does it make sense? Nutrition 2004, 20, 709-715. [CrossRef]
[PubMed]

3. Longo, N.; Frigeni, M.; Pasquali, M. Carnitine transport and fatty acid oxidation. Biochim. Biophys. Acta 2016, 1863, 2422.
[CrossRef]

4. Kraemer, W],; Volek, ].S.; Dunn-Lewis, C. L-carnitine supplementation: Influence upon physiological function. Curr. Sports Med.
Rep. 2008, 7, 218-223. [CrossRef] [PubMed]

5. Pekala, J.; Patkowska-Sokola, B.; Bodkowski, R.; Jamroz, D.; Nowakowski, P.; Lochynski, S.; Librowski, T. L-Carnitine—Metabolic
Functions and Meaning in Humans Life. Curr. Drug Metab. 2011, 12, 667—678. [CrossRef]

6. Fielding, R.; Riede, L.; Lugo, ].P,; Bellamine, A. L-Carnitine Supplementation in Recovery after Exercise. Nutrients 2018, 10, 349.
[CrossRef] [PubMed]

7. Mohammadi, H.; Djalali, M.; Daneshpazhooh, M.; Honarvar, N.M.; Chams-Davatchi, C.; Sepandar, F.; Fakhri, Z.; Yaghubi, E.;
Zarei, M.; Javanbakht, M.H. Effects of L-carnitine supplementation on biomarkers of oxidative stress, antioxidant capacity and
lipid profile, in patients with pemphigus vulgaris: A randomized, double-blind, placebo-controlled trial. Eur. ]. Clin. Nutr. 2018,
72,99-104. [CrossRef]

8. Gnoni, A.; Longo, S.; Gnoni, G.V,; Giudetti, A.M. Carnitine in human muscle bioenergetics: Can carnitine supplementation
improve physical exercise? Molecules 2020, 25, 182. [CrossRef] [PubMed]

9.  Stephens, EB.; Evans, C.E.; Constantin-Teodosiu, D.; Greenhaff, P.L. Carbohydrate ingestion augments L-carnitine retention in
humans. J. Appl. Physiol. 2007, 102, 1065-1070. [CrossRef] [PubMed]

10. Stephens, EB.; Wall, B.T.; Marimuthu, K.; Shannon, C.E.; Constantin-Teodosiu, D.; Macdonald, I A.; Greenhaff, P.L. Skeletal muscle
carnitine loading increases energy expenditure, modulates fuel metabolism gene networks and prevents body fat accumulation
in humans. J. Physiol. 2013, 591, 4655-4666. [CrossRef]

11. Oliveira, C.; Sousa, M. The effects of L-carnitine supplementation in athletic performance. Sci. Sport. 2019, 34, 63-72. [CrossRef]

12.  Trinity, ].D,; Lee, ].E,; Pahnke, M.D.; Beck, K.C.; Coyle, E.F. Attenuated relationship between cardiac output and oxygen uptake
during high-intensity exercise. Acta Physiol. 2012, 204, 362-370. [CrossRef] [PubMed]

13. Stephens, EB.; Constantin-teodosiu, D.; Greenhaff, P.L. New insights concerning the role of carnitine in the regulation of fuel
metabolism in skeletal muscle. J. Physiol. 2007, 581, 431-444. [CrossRef]

14. Trappe, S.W.,; Costill, D.L.; Goodpaste, B.; Vukovich, M.D.; Fink, W.]J. The effects of L-carnitine supplementation on performance
during interval swimming. Int. |. Sports Med. 1994, 15, 181-185. [CrossRef] [PubMed]

15.  Shannon, C.E.; Ghasemi, R.; Greenhaff, P.L.; Stephens, F.B. Increasing skeletal muscle carnitine availability does not alter the
adaptations to high-intensity interval training. Scand. J. Med. Sci. Sport. 2018, 28, 107-115. [CrossRef] [PubMed]

16. Orer, G.E.; Guzel, N.A. The effects of acute I-carnitine supplementation on endurance performance of athletes. J. Strength Cond.
Res. 2014, 28, 514-519. [CrossRef] [PubMed]

17.  Greig, C.; Finch, KM.; Jones, D.A.; Cooper, M.; Sargeant, A ].; Forte, C.A. The effect of oral supplementation with I-carnitine on
maximum and submaximum exercise capacity. Eur. ]. Appl. Physiol. Occup. Physiol. 1987, 56, 457—-460. [CrossRef] [PubMed]

18.  Soop, M.; Bjorkman, O.; Cederblad, G.; Hagenfeldt, L.; Wahren, J. Influence of carnitine supplementation on muscle substrate and
carnitine metabolism during exercise. J. Appl. Physiol. 1988, 64, 2394-2399. [CrossRef]

19. Marconi, C,; Sassi, G.; Carpinelli, A.; Cerretelli, P. Effects of I-carnitine loading on the aerobic and anaerobic performance of
endurance athletes. Eur. J. Appl. Physiol. Occup. Physiol. 1985, 54, 131-135. [CrossRef] [PubMed]

20. Colombani, P. Effects of L-carnitine supplementation on physical performance and energy metabolism of endurance-trained
athletes: A double-blind crossover field study. Eur. J. Appl. Physiol. Occup. Physiol. 1996, 73, 434-439. [CrossRef] [PubMed]

21. Stephens, EB.; Constantin-Teodosiu, D.; Laithwaite, D.; Simpson, E.J.; Greenhaff, PL. Insulin stimulates L-carnitine accumulation
in human skeletal muscle. FASEB J. 2005, 20, 377-379. [CrossRef]

22. Stephens, F.B.; Constantin-Teodosiu, D.; Laithwaite, D.; Simpson, E.J.; Greenhaff, PL. An acute increase in skeletal muscle
carnitine content alters fuel metabolism in resting human skeletal muscle. ]. Clin. Endocrinol. Metab. 2006, 91, 5013-5018.
[CrossRef]

23.  Wall, B.T,; Stephens, F.B.; Constantin-Teodosiu, D.; Marimuthu, K.; Macdonald, I.A.; Greenhaff, P.L. Chronic oral ingestion of
I-carnitine and carbohydrate increases muscle carnitine content and alters muscle fuel metabolism during exercise in humans. J.
Physiol. 2011, 589, 963-973. [CrossRef] [PubMed]

24. Burrus, B.M.; Moscicki, B.M.; Matthews, T.D.; Paolone, V.J. The Effect of Acute L-carnitine and Carbohydrate Intake on Cycling
Performance. Int. . Exerc. Sci. 2018, 11, 404-416. [PubMed]

25. Liberati, A.; Altman, D.G.; Tetzlaff, ].; Mulrow, C.; Getzsche, P.C.; Ioannidis, ].P.A.; Clarke, M.; Devereaux, PJ.; Kleijnen, J.; Moher,
D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
Explanation and elaboration. Ann. Intern. Med. 2009, 151, W-65-W-94. [CrossRef] [PubMed]

26. Methley, AM.; Campbell, S.; Chew-Graham, C.; McNally, R.; Cheraghi-Sohi, S. PICO, PICOS and SPIDER: A comparison study of

specificity and sensitivity in three search tools for qualitative systematic reviews. BMC Health Serv. Res. 2014, 14, 579. [CrossRef]


http://doi.org/10.1123/ijsnem.2017-0429
http://www.ncbi.nlm.nih.gov/pubmed/29580114
http://doi.org/10.1016/j.nut.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15212755
http://doi.org/10.1016/j.bbamcr.2016.01.023
http://doi.org/10.1249/JSR.0b013e318180735c
http://www.ncbi.nlm.nih.gov/pubmed/18607224
http://doi.org/10.2174/138920011796504536
http://doi.org/10.3390/nu10030349
http://www.ncbi.nlm.nih.gov/pubmed/29534031
http://doi.org/10.1038/ejcn.2017.131
http://doi.org/10.3390/molecules25010182
http://www.ncbi.nlm.nih.gov/pubmed/31906370
http://doi.org/10.1152/japplphysiol.01011.2006
http://www.ncbi.nlm.nih.gov/pubmed/17138832
http://doi.org/10.1113/jphysiol.2013.255364
http://doi.org/10.1016/j.scispo.2018.09.005
http://doi.org/10.1111/j.1748-1716.2011.02341.x
http://www.ncbi.nlm.nih.gov/pubmed/21791015
http://doi.org/10.1113/jphysiol.2006.125799
http://doi.org/10.1055/s-2007-1021044
http://www.ncbi.nlm.nih.gov/pubmed/8063466
http://doi.org/10.1111/sms.12885
http://www.ncbi.nlm.nih.gov/pubmed/28345160
http://doi.org/10.1519/JSC.0b013e3182a76790
http://www.ncbi.nlm.nih.gov/pubmed/24263659
http://doi.org/10.1007/BF00417775
http://www.ncbi.nlm.nih.gov/pubmed/3305002
http://doi.org/10.1152/jappl.1988.64.6.2394
http://doi.org/10.1007/BF02335919
http://www.ncbi.nlm.nih.gov/pubmed/4043038
http://doi.org/10.1007/BF00334420
http://www.ncbi.nlm.nih.gov/pubmed/8803503
http://doi.org/10.1096/fj.05-4985fje
http://doi.org/10.1210/jc.2006-1584
http://doi.org/10.1113/jphysiol.2010.201343
http://www.ncbi.nlm.nih.gov/pubmed/21224234
http://www.ncbi.nlm.nih.gov/pubmed/29541331
http://doi.org/10.7326/0003-4819-151-4-200908180-00136
http://www.ncbi.nlm.nih.gov/pubmed/19622512
http://doi.org/10.1186/s12913-014-0579-0

Nutrients 2021, 13, 4359 19 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

Palinkas, L.A.; Horwitz, S.M.; Green, C.A.; Wisdom, J.P.; Duan, N.; Hoagwood, K. Purposeful sampling for qualitative data
collection and analysis in mixed method implementation research. Adm. Policy Ment. Health 2015, 42, 533. [CrossRef]
O’Connor, D.A.; Green, S.E.; Higgins, ].P.T. Defining the review question and developing criteria for including studies. In Cochrane
Handbook for Systematic Reviews of Interventions, 1st ed.; John Wiley & Sons: Chichester, UK, 2008; pp. 83-94.

Law, M.; Stewart, D.; Letts, L.; Pollock, N.; Bosch, J.; Westmorland, M. Guidelines for Critical Review Form—Quantitative Studies
1998; McMaster University: Hamilton, ON, Canada, 2008.

Broad, E.M.; Maughan, R.J.; Galloway, S.D.R. Effects of four weeks L-Carnitine L-tartrate ingestion on substrate utilization during
prolonged exercise. Int. J. Sport Nutr. Exerc. Metab. 2005, 15, 665-679. [CrossRef]

Arazi, H.; Mehrtash, M. Effect of Acute L-Carnitine Supplementation on Blood Lactate, Glucose, Aerobic and Anaerobic
Performance in Elite Male Artistic Gymnasts. Balt. . Sport Health Sci. 2017, 1, 2-7. [CrossRef]

Jacobs, P.L.; Goldstein, E.R.; Blackburn, W.; Orem, I.; Hughes, J.J. Glycine propionyl-L-carnitine produces enhanced anaerobic
work capacity with reduced lactate accumulation in resistance trained males. J. Int. Soc. Sports Nutr. 2009, 6, 1-11. [CrossRef]
[PubMed]

Koozehchian, M.S.; Daneshfar, A.; Fallah, E.; Agha-Alinejad, H.; Samadi, M.; Kaviani, M.; Kaveh, B.M.; Jung, Y.P.; Sablouei, M.H.
Effects of nine weeks L-Carnitine supplementation on exercise performance, anaerobic power, and exercise-induced oxidative
stress in resistance-trained males. J. Exerc. Nutr. Biochem. 2018, 22, 7-19. [CrossRef]

Smith, W.A,; Fry, A.C.; Tschume, L.C.; Bloomer, R.J. Effect of glycine propionyl-L-carnitine on aerobic and anaerobic exercise
performance. Int. |. Sport Nutr. Exerc. Metab. 2008, 18, 19-36. [CrossRef] [PubMed]

Barnett, C.; Costill, D.L.; Vukovich, M.D.; Cole, K.]J.; Goodpaster, B.H.; Trappe, S.W.; Fink, W.]. Effect of I-carnitine supplementation
on muscle and blood carnitine content and lactate accumulation during high-intensity sprint cycling. Int. J. Sport Nutr. 1994,
4,280-288. [CrossRef]

Reuter, S.; Evans, A. Carnitine and acylcarnitines: Pharmacokinetic, pharmacological and clinical aspects. Clin. Pharmacokinet.
2012, 51, 553-572. [CrossRef]

Westerblad, H.; Bruton, J.; Katz, A. Skeletal muscle: Energy metabolism, fiber types, fatigue and adaptability. Exp. Cell Res. 2010,
316, 3093-3099. [CrossRef]

Harris, R.C.; Foster, C.V.L.; Hultman, E. Acetylcarnitine formation during intense muscular contraction in humans. J. Appl.
Physiol. 1987, 63, 440-442. [CrossRef]

Van Loon, L.J.C.; Greenhaff, P.L.; Constantin-Teodosiu, D.; Saris, W.H.M.; Wagenmakers, A.].M. The effects of increasing exercise
intensity on muscle fuel utilisation in humans. J. Physiol. 2001, 536, 295. [CrossRef] [PubMed]

Kasper, ].D.; Meyer, R.A.; Beard, D.A.; Wiseman, R.W. Effects of altered pyruvate dehydrogenase activity on contracting skeletal
muscle bioenergetics. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2019, 316, R76-R86. [CrossRef] [PubMed]

Wan, J.J.; Qin, Z.; Wang, P.Y;; Sun, Y.; Liu, X. Muscle fatigue: General understanding and treatment. Exp. Mol. Med. 2017, 49, e384.
[CrossRef]

Dragan, G.L; Vasiliu, A.; Georgescu, E.; Dumas, I. Studies concerning chronic and acute effects of L-carnitine on some biological
parameters in elite athletes. Physiologie 1987, 24, 23-28. [PubMed]

Torma, F; Gombos, Z.; Jokai, M.; Takeda, M.; Mimura, T.; Radak, Z. High intensity interval training and molecular adaptive
response of skeletal muscle. Sport. Med. Health Sci. 2019, 1, 24-32. [CrossRef]

Ross, A.; Leveritt, M. Long-Term Metabolic and Skeletal Muscle Adaptations to Short-Sprint Training and Tapering. Sport. Med.
2001, 31, 1063-1082. [CrossRef] [PubMed]

Bloomer, R.J.; Smith, W.A.; Fisher-Wellman, K.H. Glycine propionyl-L-carnitine increases plasma nitrate/nitrite in resistance
trained men. J. Int. Soc. Sports Nutr. 2007, 4, 22. [CrossRef]

Siliprandi, N.; Di Lisa, E; Pieralisi, G.; Ripari, P.; Maccari, F.,; Menabo, R.; Giamberardino, M.A.; Vecchiat, L. Metabolic changes
induced by maximal exercise in human subjects following L-carnitine administration. BBA Gen. Subj. 1990, 1034, 17-21. [CrossRef]
Vecchiet, L.; Di Lisa, E; Pieralisi, G.; Ripari, P, Menab, R.; Giamberardino, M.A.; Siliprandi, N. Influence of L-carnitine
administration on maximal physical exercise. Eur. J. Appl. Physiol. Occup. Physiol. 1990, 61, 486—490. [CrossRef] [PubMed]
Joyner, M.].; Coyle, E.F. Endurance exercise performance: The physiology of champions. J. Physiol. 2008, 586, 35—44. [CrossRef]
San-Millan, I.; Brooks, G.A. Assessment of Metabolic Flexibility by Means of Measuring Blood Lactate, Fat, and Carbohydrate
Oxidation Responses to Exercise in Professional Endurance Athletes and Less-Fit Individuals. Sport. Med. 2018, 48, 467-479.
[CrossRef]

Moran, C.N,; Pitsiladis, Y.P. Tour de France Champions born or made: Where do we take the genetics of performance? . Sports
Sci. 2017, 35, 1411-1419. [CrossRef] [PubMed]

Gormley, S.; Swain, D.; High, R.; Spina, R.; Dowling, E.; Kotipalli, U.; Gandrakota, R. Effect of intensity of aerobic training on
VOymax- Med. Sci. Sports Exerc. 2008, 40, 1336-1343. [CrossRef]

Duran, M.; Loof, N.; Ketting, D.; Dorland, L. Secondary carnitine deficiency. J. Clin. Chem. Clin. Biochem. 1990, 28, 359-363.
Fritz, I.B.; Yue, K.T. Long-chain carnitine acyltransferase and the role of acylcarnitine derivatives in the catalytic increase of fatty
acid oxidation induced by carnitine. J. Lipid Res. 1963, 4, 279-288. [CrossRef]

Arenas, J.; Huertas, R.; Campos, Y.; Diaz, A.E.; Villalon, ].M.; Vilas, E. Effects of l-carnitine on the pyruvate dehydrogenase
complex and carnitine palmitoyl transferase activities in muscle of endurance athletes. FEBS Lett. 1994, 341, 91-93. [CrossRef]


http://doi.org/10.1007/s10488-013-0528-y
http://doi.org/10.1123/ijsnem.15.6.665
http://doi.org/10.33607/bjshs.v1i104.9
http://doi.org/10.1186/1550-2783-6-9
http://www.ncbi.nlm.nih.gov/pubmed/19341458
http://doi.org/10.20463/jenb.2018.0026
http://doi.org/10.1123/ijsnem.18.1.19
http://www.ncbi.nlm.nih.gov/pubmed/18272931
http://doi.org/10.1123/ijsn.4.3.280
http://doi.org/10.1007/BF03261931
http://doi.org/10.1016/j.yexcr.2010.05.019
http://doi.org/10.1152/jappl.1987.63.1.440
http://doi.org/10.1111/j.1469-7793.2001.00295.x
http://www.ncbi.nlm.nih.gov/pubmed/11579177
http://doi.org/10.1152/ajpregu.00321.2018
http://www.ncbi.nlm.nih.gov/pubmed/30462525
http://doi.org/10.1038/emm.2017.194
http://www.ncbi.nlm.nih.gov/pubmed/3110804
http://doi.org/10.1016/j.smhs.2019.08.003
http://doi.org/10.2165/00007256-200131150-00003
http://www.ncbi.nlm.nih.gov/pubmed/11735686
http://doi.org/10.1186/1550-2783-4-22
http://doi.org/10.1016/0304-4165(90)90147-O
http://doi.org/10.1007/BF00236072
http://www.ncbi.nlm.nih.gov/pubmed/2127744
http://doi.org/10.1113/jphysiol.2007.143834
http://doi.org/10.1007/s40279-017-0751-x
http://doi.org/10.1080/02640414.2016.1215494
http://www.ncbi.nlm.nih.gov/pubmed/27498724
http://doi.org/10.1249/MSS.0b013e31816c4839
http://doi.org/10.1016/S0022-2275(20)40302-5
http://doi.org/10.1016/0014-5793(94)80246-7

Nutrients 2021, 13, 4359 20 of 20

55. Gorostiaga, E.M.; Maurer, A.C.; Eclache, J.P. Decrease in respiratory quotient during exercise following L-carnitine supplementa-
tion. Int. J. Sports Med. 1989, 10, 169-174. [CrossRef] [PubMed]

56. Abramowicz, W.N.; Galloway, S.D.R. Effects of acute versus chronic L-Carnitine L-tartrate supplementation on metabolic
responses to steady state exercise in males and females. Int. J. Sport Nutr. Exerc. Metab. 2005, 15, 386—400. [CrossRef] [PubMed]


http://doi.org/10.1055/s-2007-1024895
http://www.ncbi.nlm.nih.gov/pubmed/2674034
http://doi.org/10.1123/ijsnem.15.4.386
http://www.ncbi.nlm.nih.gov/pubmed/16286670

	Introduction 
	Materials and Methods 
	Literature Search Strategies 
	Inclusion and Exclusion Criteria 
	Study Selection 
	Outcome Measures 
	Quality Assessment of the Experiments 

	Results 
	Main Search 
	Carnitine Supplementation 
	High-Intensity and Moderate-Intensity Exercise Performance Outcomes Analyzed 
	Effect of l-Carnitine Supplementation on High-Intensity Exercise Performance (80% 0mu mumu VVsubsubsectionV. O2 max) 
	Effect of l-Carnitine Supplementation on Moderate-Intensity (50–79% 0mu mumu VVsubsubsectionV. O2 max) Exercise Performance 


	Discussion 
	Effects of l-C Supplementation on High-Intensity Exercise Performance (80% 0mu mumu VVsubsectionV. O2 max) 
	Chronic l-C Supplementation Protocol for High-Intensity Exercise Performance (80% 0mu mumu VVsubsubsectionV. O2 max) 
	Acute l-C Supplementation Protocol for High-Intensity Exercise Performance (80% 0mu mumu VVsubsubsectionV. O2 max) 

	Effects of l-C Supplementation on Moderate-Intensity Exercise Performance (50–79% 0mu mumu VVsubsectionV. O2 max) 
	Chronic l-C Supplementation Protocol for Moderate-Intensity Exercise Performance (50–79% 0mu mumu VVsubsubsectionV. O2 max) 
	Acute Supplementation Protocol for Moderate-Intensity Exercise Performance (50–79% 0mu mumu VVsubsubsectionV. O2 max) 

	Limitations, Strengths, and Future Lines of Investigation 

	Conclusions 
	References

