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ABSTRACT

International Journal of Exercise Science 11(2): 404-416, 2018. Chronic supplementation of L-carnitine
and carbohydrate has been reported to increase L-carnitine content in skeletal muscle and have positive
influences on exercise variables and performance. This study investigated the acute intake of L-carnitine and
carbohydrate on the exercise parameters of cycling. A total of 10 males (27.0 + 4 years) completed two exercise
sessions consisting of 40 min of cycling at 65% of VOopear, followed by cycling to exhaustion at 85% of VOapeak. L-
carnitine or a placebo was consumed 3 hours prior to exercise, and beverages consisting of 94 g of carbohydrate
were consumed at both 2 hours, and 30 minutes prior to exercise. Repeated measures ANOVAs were used to
compare respiratory exchange ratio (RER), blood lactate, and power output across experimental trials and time.
A repeated measures t-test was used to analyze differences between conditions and time to exhaustion. RER was
significantly lower (p=0.01) at baseline with L-carnitine ingestion (.83 *+ .05) compared to the placebo ingestion
(.86 £ .06). Blood lactate was significantly lower (p=0.02) after 10 minutes of cycling at 65% of VOapeak With
ingestion of L-carnitine (35% change from baseline) compared to placebo ingestion (53% change from baseline).
No differences were found for power output or time to exhaustion at 85% of VOgpeak. Despite mentioned
differences, acute intake of L-carnitine and carbohydrate does not appear to influence exercise parameters, likely
due to a lack of sufficient change in the content of L-carnitine in skeletal muscle.
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INTRODUCTION

Endurance athletes of both recreational and professional caliber strive to improve
performance. Supplementation is an avenue that some athletes use with the intention of
impacting positively on performance. Not all endurance athletes refer to the use of
supplements, but an estimated 20-30 billion dollars are spent on supplements each year in the
United States and athletes of all levels are more likely to experiment with supplements
compared to non-athletes (7, 15). The supplement L-carnitine is a multi-million-dollar
industry every year, and the usage of L-carnitine is due to the role L-carnitine plays in fat
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oxidation (24). The primary function of L-carnitine is to shuttle activated fatty acyl molecules
through the inner membrane of the mitochondria (5). A secondary function is to accept excess
acetyl-CoA molecules in order to maintain the acetyl-CoA/CoA ratio in the mitochondrial
matrix. When L-carnitine accepts an acetyl-CoA molecule, acetyl-carnitine is formed via the
action of carnitine acetyltransferase and is moved out of the mitochondrial matrix (19).

Over the past 35 years, the impact of L-carnitine supplementation on exercise variables and
performance has been investigated from both acute and chronic perspectives. The results of
these studies have been inconsistent. For acute studies specifically, lower lactate levels (21, 29),
increased power output (29), increased VOopeax (29), and increased time to exhaustion (8) have
been reported, while other groups displayed no changes in physiological or performance
variables (2, 4, 9, 17). In relation to chronic studies, increased VOopeax (11, 16) and decreased
respiratory quotients (12, 32) have been presented, while many groups have reported no
differences (3, 5, 6, 10, 13, 18, 23, 30). Despite some positive findings for acute and chronic
studies, only three research groups performed muscle biopsies, and all three found no change
in skeletal muscle content of L-carnitine, indicating no practical reason to supplement with L-
carnitine alone (3, 4, 30).

The proposed mechanism of why supplementation of L-carnitine alone does not alter skeletal
muscle content is due to the large concentration gradient of L-carnitine between the plasma
and skeletal muscle (19). The concentration of L-carnitine in the plasma is 50-200 times less
than in skeletal muscle (19, 26). To overcome the gradient, a Na* dependent, high-affinity
active transport process occurs (19). The transporter of L-carnitine across the sarcolemma is
the organic cation transporter 2 (OCTN2) protein (26, 28). OCTN2 proteins are stimulated by
extracellular Na*. A primary way to elevate the extracellular Na* content is to increase the
activity of the Na*/K* pump (24). Insulin stimulates the activity of the Na*/K* pump via
translocation of the pump subunits from the intracellular location to the sarcolemma, similar
to the response of GLUT4 transporters to insulin (27).

Recently there has been renewed interest in the study of L-carnitine supplementation due to
the action of insulin stimulating the Na*/K* pump. Stephens et al. (25) reported increased L-
carnitine content in skeletal muscle when L-carnitine was infused with a six-hour euglycemic
hyperinsulinemic clamp. The content of L-carnitine in skeletal muscle increased by 15% from
preinfusion to postinfusion. This increase in L-carnitine content was associated with a decrease
in pyruvate dehydrogenase activity (30%) and muscle lactate (40%) during resting conditions,
leading to more glycogen storage in skeletal muscle after an overnight fast. Due to the
involved nature and decreased practicality of the euglycemic hyperinsulinemic clamp,
Stephens et al. (26) investigated the influence of L-carnitine and carbohydrate ingestion on L-
carnitine retention. Carbohydrate intake was hypothesized to stimulate the release of
sufficient amounts of insulin to aide in L-carnitine uptake. Compared to the control trial, L-
carnitine ingested with carbohydrate caused plasma L-carnitine levels to decrease at a faster
rate. The 24-hour urinary L-carnitine was 30% lower in the experimental trial. Stephens et al
(26) concluded that the increased retention of L-carnitine likely occurred in skeletal muscle
due to the action of insulin stimulating Na* dependent transport across the sarcolemma.
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Wall et al. (31) was the first research team to apply the concepts of supplementing L-carnitine
and carbohydrate (26) to the exercise setting. Participants ingested L-carnitine and
carbohydrate for a total of 24 weeks. L-carnitine content in skeletal muscle increased by 30%
with supplementation. Following 30 minutes of low intensity exercise, muscle glycogen
content was 35% greater, indicating increased fatty acid utilization. After 30 minutes of
vigorous intensity exercise, skeletal muscle lactate content was 44% lower, and pyruvate
dehydrogenase activity was 38% greater signaling better maintenance of the acetyl-CoA/CoA
ratio, and therefore less lactate accumulation and decreased reliance on anaerobic metabolism
(31).

Although research teams have provided new information regarding methods to increase L-
carnitine content in skeletal muscle via an insulin response (25, 26, 31), little evidence of the
effect on exercise parameters is available, specifically supplementation from an acute
perspective. Acute intake is of importance due to the practical nature of a single day
procedure compared to supplementing for many weeks. The purpose of the current
investigation was to evaluate whether acute L-carnitine and carbohydrate intake alters
respiratory exchange ratio (RER), blood lactate, power output, and time to exhaustion during
40 minutes of cycling at 65% of VOzpeax, followed by cycling to exhaustion at 85% of VOzpeak. It
was hypothesized that if the current ingestion procedures lead to a change in skeletal muscle
content of L-carnitine, it was expected that L-carnitine and carbohydrate consumption would
lead to decreases RER and blood lactate, while increasing power output at 65% of VOzpeak. It
was also thought that power output and time to exhaustion at 85% of VOzpeak would be
increased with ingestion of L-carnitine and carbohydrate if indeed adequate L-carnitine uptake
into skeletal muscle took place.

METHODS

Participants

A power analysis (G*Power, Heinrich-Heine-Universitdt Diisseldorf) was run to assist in
determining sample size, and a total of ten moderately active males between the ages of 18-35
from the Springfield, Massachusetts area agreed to partake in the investigation. It was
required of participants to have a minimum VOzpeak of 45 ml - kg1 - min-! in order to participate
in the study. The value of 45 ml - kg - min! was used as the inclusion criteria because it would
place participants at a minimum within the “good” category (60th percentile or above) for
maximal oxygen consumption according to the American College of Sports Medicine
standards for males between the ages of 20-29 (1). Participants were volunteers, and completed
an informed consent and medical history questionnaire prior to participating in the study. All
methods and procedures were reviewed and approved by the Institutional Review Board of
Springfield College and conducted in accordance with the Declaration of Helsinki. See Table 1
for participant demographics.

The current study was designed as a double-blind, randomized counterbalanced format. Data
were obtained from all participants over the course of three testing sessions. All participants
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were familiarized with the procedures prior to partaking in the investigation. Participants
served as their own control, so each condition was experienced by each participant.

Table 1. Descriptive Statistics of Participants Represented as Mean and Standard Deviations (N = 10)

Age 27.00 + 4.83
VOzpeak (ml - kg1 - min?) 50.90 = 6.06
Height (cm) 177.00 = 5.00
Weight (kg) 75.60 = 8.51
Body Fat (%) 11.00 = 5.06
Endurance Exercise Participation (yrs) 9.40 = 6.00
Exercise Sessions per Week (days) 3.85+2.06
Duration of Exercise Sessions (min) 57.25 + 21.03

* cm = centimeters, kg = kilograms, yrs = years, min = minutes

Protocol

All testing sessions took place in the Human Performance Laboratory on the campus of
Springfield College. Participants reported to the lab on three different occasions; first for
initial testing, followed by two experimental trials. Participants reported at 7am for each
testing session to control for diurnal variations and circadian rhythms. The first session
included completion of the informed consent, medical history questionnaire, and the
participant training/nutrition questionnaire. Height and mass were determined, and body
composition was estimated via air displacement plethysmography (BOD POD, Cosmed,
Rome, Italy). Participants then completed a maximal incremental exercise test on a Velotron
cycle simulator (RacerMate, Inc. Seattle, WA) in order to determine VOzpeak using a metabolic
system (Physio-Dyne Max-II, AEI Technologies, Pittsburg, PA). Prior to the exercise test,
participants were informed of the procedure and protocol. The seat on the cycle simulator was
then fitted to the participant, specifically at 97% of greater trochanter height. The incremental
test started with a power output of 95 watts, and increased by 35 watts every three minutes
until conclusion of the test (20). Criteria for obtaining a valid VOzpeak included: the point at
which VO; did not increase by more than 1.5 ml- kg - min! with an increase in work rate, an
RER value greater than 1.20, or when the participant reached volitional exhaustion. The
VO2peak value from the incremental exercise test was used to determine exercise intensities for
both the L-carnitine and placebo trials.

Participants were instructed to refrain from strenuous exercise for 24 hr prior to each of the
experimental testing sessions. The experimental sessions were randomized to eliminate order
effect. Participants were asked not to consume any alcohol or caffeine for 12 hr prior to each
testing condition, and to adhere to the same diet 48 hr before each testing session. The exercise
task consisted of performing 40 min of cycling at 65% of VOzpeak, immediately followed by
cycling at 85% of VOzpeax until exhaustion. Criteria for exhaustion included: volitional fatigue,
an RER value greater than 1.20, or a drop in RPMs below 50. Two different exercise intensities
were administered in order to investigate the impact of supplementation on both physiological
roles of L-carnitine (8, 31). The trials were held at least three days apart from each other to
allow for adequate recovery time. See Figure 1 for a schematic representation of the exercise
task.
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Time 2 Time 4 Time 6
10 min 30 min Exhaustion

Time 1 Time 3 Time 5
Baseline 20 min 40 min

TTE at 85% of

40 min at 65% of VOopeak VO
2peak

Figure 1. Schematic representation of the exercise task for both the L-carnitine and placebo conditions. Variables
were measured at each 10-minute interval while cycling at 65% of VOzpear, and again when exhaustion occurred
at 85% of VOzpeak. *TTE = time to exhaustion.

Ingestion Procedures Prior to both the L-carnitine and placebo trials, participants were
provided solutions and capsules to ingest. The solutions were consumed after an overnight
fast. Each participant was given three bottles, and capsules containing either 3 g of L-carnitine
(Now Foods, Bloomingdale, IL) for the L-carnitine trial or flour for the placebo trial. Bottle one
contained 200 ml of water and was consumed with the capsules of L-carnitine or flour 3 hr
prior to the exercise session (4 am). Bottles two and three both contained 500 ml of solution
with 94 g of carbohydrate in each bottle (Kool-Aid Fruit Punch Powder, Kraft Foods, Inc.
Chicago, IL). The second bottle was consumed 2 hr prior to the exercise session (5 am). The
third bottle was consumed 30 min prior to the exercise session (6:30 am). Sucrose was used as
the carbohydrate source, which is a multiple transport carbohydrate. The ingestion
procedures consisting of 94 g of carbohydrate, type of carbohydrate used, and the timing of
ingestion followed the work of Stephens et al (26), which successfully lead to whole body L-
carnitine retention in humans when the same ingestion procedures were used from an acute
perspective. The importance of two bottles consisting of 94 g of carbohydrate is to stimulate a
strong insulin response to assist in the uptake of L-carnitine into skeletal muscle. See Figure 2
for representation of the ingestion protocol.

Variables Measured : RER, blood lactate, and power output were recorded at baseline (time
point 1), 10 min at 65% of VOopeax (time point 2), 20 min at 65% of VOzpeax (time point 3), 30
min at 65% of VOzpeak (time point 4), 40 min at 65% of VOzpeak (time point 5), and when the
participant reached exhaustion when exercising at 85% of VOgzpeak (time point 6). RER was
recorded via the metabolic system, power output was recorded via the Velotron cycle
simulator, and blood lactate was recorded via capillary blood drawn from the fingertips of
participants (Accusport Lactate Analyzer, Sports Resource Group, Hawthorne, NY). The time
to exhaustion variable was recorded only when the participant reached exhaustion at 85% of
VOZpeak.
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& Bottle #1 Bottle #2 Bottle #3
v v A 4 v
4:00 am 5:00 am 6:30 am 7:00 am

Figure 2. Schematic representation of the ingestion procedures administered prior to the exercise task for both the
L-carnitine (LC) and Placebo conditions. Bottle #1 = 200 ml of water; Bottle #2 = 94 g of CHO in 500 ml of water;
Bottle #3 = 94 g of CHO dissolved in 500 ml of water.

Statistical Analysis

The dependent variables included RER, blood lactate, power output, and time to exhaustion.
A total of three 2 x 6 repeated measures analysis of variances were used to assess differences in
RER, blood lactate, and power output across experimental trials and time. The independent
variables included condition and time. The two levels of the first independent variable
(condition) were L-carnitine and placebo conditions. The six levels of the second independent
variable (time) were described in the previous section. The Mauchly’s Test of Sphericity was
used to determine if the basic assumption of homogeneity of variance was violated. If the
basic assumption of homogeneity of variance was violated, the Greenhouse-Geisser Statistic
was used. If a significant interaction was found, a simple effects test was conducted to
determine where differences existed. @A repeated measures t-test was used to assess
differences in time to exhaustion when cycling at 85% of VOapeak between the L-carnitine and
placebo conditions. SPSS was used to run all statistical analyses (IBM Corp, Version 22), and
p<0.05 was accepted as a significant difference for the statistical analyses of the investigation.

RESULTS

Descriptive statistics for all variables included in the repeated measures ANOVAs can be
found in Table 2. A significant interaction was found between condition and time for RER
(p=0.01). RER was significantly lower at baseline during the L-carnitine condition when
compared to the placebo condition. The mean RER at baseline during the L-carnitine condition
was 0.83 £ 0.05, and the mean RER at baseline during the placebo condition was 0.86 + 0.06. At
all other time points there were no significant differences for RER (Figure 3).

A significant interaction was found between condition and time for blood lactate (p=0.02).
Blood lactate was significantly lower after 10 min of cycling at 65% of VOzpeak during the L-
carnitine condition when compared to the placebo condition. The mean blood lactate
concentration at time point 2 for the L-carnitine condition was 35% + 11% greater than
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baseline, while in the placebo condition blood lactate levels were 53% * 31% greater than
baseline. Blood lactate levels did not differ significantly at any other time points between the
conditions (Figure 4).

Table 2. Descriptive statistics of mean values and standard deviations for exercise variables at all time pints for L-
carnitine and placebo conditions.

Time 1 Time 2 Time 3 Time 4 Time 5 Time 6

RER

L-carnitine 0.83+0.05* 0.92+0.05 0.89+0.04 0.88+0.04 0.86+0.04 0.91+£0.05

Placebo 0.86+0.05 0.91+£0.04 0.89+0.04 0.87+0.03 0.88+0.03 0.91+£0.05
Blood Lactate

L-carnitine N/A 35+49* 554100 59477 67174 162+114

Placebo N/A 53144 55+64 52437 58463 117157
Power Output

L-carnitine N/A 159423 155420 154+20 153420 208+31

Placebo N/A 157422 155421 151420 150+19 205+28

Units: blood lactate, percent change from baseline; power output, watts. Time 1, baseline; Time 2, 10 min at 65%
of VOopeax; Time 3, 20 min at 65% of VOzpeal; Time 4, 30 min at 65% of VOapear; Time 5, 40 min at 65% of VOopeak;
Time 6, time to exhaustion at 85% of VOopeak. * p<0.05 for differences between L-carnitine and Placebo conditions.

0.98
0.9
0.94

0.92
0.9
0.88
0.86
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0.82 B L-carnitine
0.8 = Placebo
0.78
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RER

Time Point

Figure 3. Changes in RER for both the L-carnitine and placebo conditions. Values are expressed as means and
standard deviations. Percentages represent percent of VOzpeak. * p<0.05 for differences between L-carnitine and
placebo conditions
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Figure 4. Changes in blood lactate (BL) represented as a percent change from baseline for both the L-carnitine and
placebo conditions. Values are expressed as means and standard deviations. Percentages represent percent of
VO2peak.* p<0.05 for differences between L-carnitine and placebo conditions.
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No significant interaction was found between condition and time for power output (p=0.66).
As well, no main effect was found for power output between conditions (p=0.39). However, a
main effect for time was found (p=0.00). The post hoc analysis revealed expected physiological
responses to the exercise task.

A repeated measures t-test was used to assess the differences in time to exhaustion when
cycling at 85% of VOzpeak. The mean time to exhaustion for the L-carnitine condition was 8:53
* 6:07 min. The mean time to exhaustion for the placebo condition was 10:10 + 6:59. No
significant difference existed between conditions (p=0.41).

DISCUSSION

Only recently has there been evidence that L-carnitine content in skeletal muscle can be
increased when supplementation is coincided with a strong insulin response (25, 31).
Although the increase of L-carnitine did improve performance and exercise variables when
supplementing for 24 weeks (31), doing so for that length of time is not practical due to the
high load of carbohydrate intake each day. The purpose of the current research was to
investigate the more realistic nature of acute intake of L-carnitine and carbohydrate in the
exercise setting.
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Previous research by Stephens et al (25) indicated alterations of resting fuel metabolism and
increases in the content of L-carnitine in skeletal muscle via the use of a six hour euglycemic
hyperinsulinemic insulin clamp. A proposed increase in muscle fat oxidation was suggested
due to an increase in glycogen storage, indicating an inhibition of carbohydrate oxidation from
an increase in L-carnitine mediated fat oxidation. In the current investigation, baseline RER
values were lower when acute L-carnitine and carbohydrate intake occurred, indicating a
possible increase in fatty acid oxidation during the resting state. Although the decrease in RER
is in accordance with previous research, the methods for ingestion in the current investigation
occurred via oral ingestion, not the euglycemic hyperinsulinemic clamp (25). The lower RER
value in the current study may be due to an increase in the L-carnitine content in skeletal
muscle, and if indeed the content of L-carnitine increased, the proposed mechanism for L-
carnitine uptake is thought to occur via a strong insulin response stimulating the activity of the
Na*/K* pump, increasing extracellular Na* concentration. Active transport of L-carnitine into
skeletal muscle is Na* dependent, therefore increasing the amount of Na* in the extracellular
location could stimulate L-carnitine transport into skeletal muscle (24, 26-28).

Despite lower RER values at rest with L-carnitine and carbohydrate ingestion in the current
investigation, RER values did not differ between conditions during any time point of the
exercise task. A lack of differences indicates one of two occurrences. First, L-carnitine content
in skeletal muscle may not have been influenced with acute L-carnitine intake, and all
indications point toward this outcome. Second, even if skeletal muscle L-carnitine content
increased enough to influence resting RER, it may not have been sufficient enough of an
increase in the muscle pool to alter fuel metabolism during exercise. Regardless of the
occurrence, RER values during the exercise task were not influenced with acute intake, which
indicates no changes in the substrate being utilized.

Along with RER, blood lactate levels differed between conditions at one time point. After 10
minutes of cycling at 65% of VOopeak, blood lactate was significantly lower when L-carnitine
and carbohydrate were consumed prior to exercise. Despite the difference in blood lactate
between the conditions at 10 minutes into exercise, there were no other differences at any time
point of the exercise task. If the skeletal muscle L-carnitine content had increased with acute
intake, it would be expected that blood lactate would be lower at all time points, not just 10
minutes into the exercise task (31). There are two proposed mechanisms for reduced blood
lactate following alterations in the pool of L-carnitine in skeletal muscle. With more L-
carnitine in the muscle, the amount of acetyl-CoA production from [1-oxidation may increase,
leading to more citrate being produced. The increased levels of citrate could cause a down
regulation of carbohydrate flux because of product inhibition of critical enzymes used within
glucose oxidation including pyruvate dehydrogenase, phosphofructokinase, and hexokinase,
leading to less lactate production (26). A secondary role of L-carnitine is to maintain the
acetyl-CoA/CoA ratio during intense exercise. Balancing the ratio allows the activity of the
enzyme pyruvate dehydrogenase to be maintained because acetyl-CoA production will match
acetyl-CoA entrance into the TCA cycle, allowing more pyruvate to be shuttled into the
mitochondria without being reduced to lactate (30, 31).
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Despite lower blood lactate after 10 minutes of cycling at 65% of VOzpeak in the L-carnitine
condition, subsequent differences were not observed for RER at the same time point. Lack of
differences in RER when blood lactate was lower indicates that the mechanism for lower blood
lactate was not due to an increase in fatty acid oxidation. It is possible that the blood lactate
levels were lower because of the secondary role of L-carnitine balancing the acetyl-CoA/CoA
ratio allowing pyruvate to be converted into acetyl-CoA instead of lactate (31), but this is
unlikely due to the moderate intensity level when blood lactate was evaluated. If the skeletal
muscle content of L-carnitine would have increased by a sufficient amount, it is expected that
blood lactate would be lower when compared to the placebo condition throughout the entire
exercise bout, not just at a single time point. Lack of differences between conditions indicates
that the L-carnitine content in skeletal muscle was not changed by a sufficient amount to
produce differences in blood lactate that would be considered beneficial to an entire exercise
bout.

Power output was similar between both the L-carnitine and placebo conditions. Previously,
Wall et al (31) reported power output to be increased by 11% after chronic supplementation of
L-carnitine and carbohydrate. The proposed reason for the increase in power output was due
to a 21% increase in skeletal muscle L-carnitine content. Wall et al (31) concluded that the
increased L-carnitine content allowed for better buffering of excess acetyl-CoA molecules
contributing to lower lactate levels. Lower lactate levels allowed the participants to maintain a
higher workload without the adverse effects of decreasing pH. In the present study, no
differences in power output between trials indicates a lack of sufficient change in skeletal
muscle content of L-carnitine. Therefore, no positive effects of excess acetyl-CoA buffering
would occur, causing lactate levels to be the same between conditions.

When evaluating the demographics of the participants, it is evident that there was a wide
range in terms of number of days of aerobic based exercise sessions per week as well as the
typical duration of those sessions. Most participants included in the study participated in
aerobic exercise sessions of 45 min or more. One participant was a competitive cyclist who
trained for at least 90 min or more per session. Another participant had an average of 30 min
for typical aerobic exercise sessions, the lowest average duration of all the participants. It is
important to note that this participant performed a significant amount of high intensity
interval training, instead of standard aerobic based training. High intensity interval training
yields similar adaptations to standard aerobic training (14). Based on this information, it is
likely that the duration of the experimental trials in the currently study were not impacted by
differences in the aerobic training practices of the participants. Despite wide ranges in the
training history of participants, all were above the criteria of a VOzpeak of 45 ml- kg1 - min-,
indicating at least a moderate level of cardiorespiratory fitness or higher. Previous research
has shown that untrained sedentary individuals were able to cycle below lactate threshold at
61.6% of VOamax (22). Subjects in the currently study, being at least moderately trained, should
have been able to maintain 40 min at 65% of VOzpeak While staying below lactate threshold,
which was supported by collected data.
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The primary finding of the current research is that the acute intake of L-carnitine and
carbohydrate that follows the specific protocol used in this investigation does not appear to
impact the pool of L-carnitine in skeletal muscle enough to experience positive changes in
exercise variables during a bout of both moderate and vigorous intensity cycling. The
supplemental patterns used in this investigation were based on the procedures that lead to
whole body L-carnitine retention (26). These same procedures did not impact positively on
exercise parameters most likely due to a lack of sufficient accumulation of L-carnitine in
skeletal muscle. Therefore, acute supplementation of L-carnitine and carbohydrate is not
recommended be used as a means of improving cycling performance when using the
supplemental protocol from the current work. For individuals looking to improve exercise
variables and performance via the use of L-carnitine supplementation, chronic L-carnitine and
carbohydrate intake is a better method to increase the content of L-carnitine in skeletal muscle
and to influence performance (31). Future research should investigate shorter duration
supplemental periods of L-carnitine and carbohydrate, while also looking at accumulation in
skeletal muscle via biopsies. Identifying a shorter supplementation period would increase the
practicality as well as adherence to supplemental protocols.
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