-carnitine (LC), so called after caro, the Latin for
L“meat,” is a conditionally essential, trimethylated
amino acid derivative that is involved in mitochondrial
fatty acid transport (L carnitine monograph 20035,
Flanagan 2010). See Figure 1. LC concentrates in
muscle tissue including skeletal muscle and the heart
where it facilitates entry of long chain fatty acids to
the mitochondria for utilization and energy production
through beta oxidation (L carnitine monograph 2005,
Stephens 2007). As such, LC has been studied for a wide
range of conditions affecting muscle or mitochondrial
function. This article focuses exclusively on LC
supplementation for performance enhancement in athletes.
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FIGURE 1. L-CARNITINE CHEMICAL STRUCTURE

PHYSIOLOGY

As the name suggests, LC in the diet is obtained primarily
from meat. Dietary LC is absorbed with varying rates

of efficiency through passive diffusion and active
transport in the intestine; however, absorption becomes

saturated at doses >2g. Elimination from the body
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occurs predominantly through the kidneys, with a half-
life of 15 hours (L carnitine monograph 2005). LC can
also be synthesized endogenously from the amino acids
lysine and methionine (S-adenosylmethionine, SAMe)
within the kidney, liver, brain, and testes; however,
cardiac and skeletal muscle lack the synthetic enzyme,
v-butyrobetaine hydroxylase, and are thus dependent
upon uptake from circulating carnitine (Flanagan 2010).

Deficiency states may be due to an inborn error of
metabolism (primary deficiency) or, more commonly,
associated with other disease states such as increased
loss through dialysis in chronic renal failure, decreased
synthesis in liver disease, or certain pharmacological
therapies (secondary deficiency) (L carnitine monograph
2005). Over 150 clinical trials have investigated LC for
these and other conditions; benefits have been reported
for intermittent claudication and peripheral vascular
disease, angina, congestive heart failure, neuropathy,
chronic obstructive pulmonary disease, as well as others.
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MECHANISMS

LC impacts cellular energy metabolism by
several mechanisms. The best known of these
is LC’s role in beta oxidation, however, other
points of action have also been suggested:
¢ Beta oxidation - fatty acid transport
¢ Regulation of Acyl CoA : CoA balance —
indirect facilitation of other reactions
¢ Vasodilation and increased oxygen delivery to muscle

ROLE IN MITOCHONDRIAL FATTY ACID TRANSPORT

To enter the B-oxidation pathway, long chain fatty acids
within the cytosol (acyl-CoA) must combine with carnitine to
form acylcarnitine and be transported across the otherwise
impermeable inner mitochondrial membrane. Carnitine
palmitoyltransferase 1 (CPT1) in the outer mitochondrial
membrane catalyses this reversible reaction. Cytosolic
acylcarnitine is then transported into the mitochondria in an
exchange reaction with intra-mitochondrial free carnitine

by the enzyme carnitine acylcarnitine translocase (CACT),
located within the mitochondrial inner membrane. Once
inside the mitochondrial matrix, acylcarnitine is transformed
back to free carnitine and long-chain acyl-CoA by carnitine
palmitoyltransferase 2 (CPT2). Translocation of acyl-CoA is
the rate limiting step in fatty acid oxidation; after this, long-
chain acyl-CoA can be oxidized and transformed for energy
by the B-oxidation pathway (Stephens 2007) (Figure 2).

CYTOSOL Acyl-Cod from cytosol to MATRIX
the mitochondmnal matns
Ayl Cok, Acpl-Cob
=« Carnitne & Carmitne
@ ,|
Acyl-Carmitmne = Ayl amitine ———— = Arp Carmitine
K
i Caitiltone Carhitne
. CPTI{Carniting PalmaoyiTransferase 1) W Tramlocase
. CPTI (Carmatmne Palmitoyl Transferase M)

FIGURE 2. FATTY ACID TRANSPORT ACROSS THE
MITOCHONDRIAL MEMBRANE

As well as facilitating fatty acid transport, LC regulates the
ratio of acyl-CoA to CoA in the mitochondria (Stephens
2007). Inside the mitochonrdria, LC accepts acyl groups
(fatty acid chains) from the CoA group, freeing up CoA for
participation in other energy-releasing reactions, such as
those involving glucose oxidation, for instance the pyruvate
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dehydrogenase (PDH) reaction (Higdon 2002). Thus
L-carnitine also indirectly facilitates glucose utilization.
More recently, LC has been proposed to have vasodilatory
effects within the capillaries, potentially increasing
oxygen delivery to muscle cells and “reducing local
muscular hypoxia normally observed during high-
intensity exercise [as well as] a cascade of events

leading to free radical formation and chemical-induced
tissue disruption and damage” (Kraemer 2003).

METHODS

Pubmed was searched from inception to September
2010 for controlled human trials investigating

carnitine supplementation for effects on performance
enhancement using the terms: “L-carnitine and (exercise
or performance enhancement or ergogenic aid) not
deficiency,” limited to clinical trials, reviews, meta
analyses, and yielding 199 studies, of which 35 relevant
to LC supplementation for performance enhancement.
Bibliographies of selected reviews were also searched
for additional references, yielding 9, for a total of

44 altogether. The aim of this article is to provide a
comprehensive overview of evidence supporting use of
LC in athletes and kinds of outcomes obtained; therefore,
due to space limitations, studies showing no significant
effects with respect to LC for performance enhancement
are only numbered and not discussed in detail.

CLINICAL EVIDENCE

Human evidence regarding LC’s benefit as an ergogenic
aid is mixed, with a large number of studies showing
no effects as well as showing positive outcomes. Of the
44 studies, 25 showed benefits with use of LC, while 19
showed no significant effects. Please see the end of the
article for complete references for the studies showing
no effects. Table 1 summarizes available evidence from
the twenty-five studies identified supporting use of LC.

LC has been shown to:

e |exercise induced muscle damage & 1 repair

* | hypoxic stress response of resistance exercise

e | delayed onset muscle soreness (DOMS)

® 1 VO2max (the maximal volume of oxygen consumed
during exercise; a measure of physical fitness)

¢ 1 cellular energy production

e 1 exercise induced effects of anabolic hormones

e 1 exercise capacity

A handful of high quality studies merit closer examination.
These studies examined the effects of L-carnitine using near
infrared spectroscopy (NIRS), magnetic resonance imaging
(MRI), and radiolabelled 1-[(13)C] palmitic acid technology
to assess muscle damage and oxygen utilization.
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Table 1. Evidence Supporting L-Carnitine for Performance Enhancement in Athletes

Design

N=18 healthy, “normally active”
adults LCLT (2g/d LC) x24d

N=14 male cyclists

Sports drink alone versus drink plus
caffeine, carnitine, taurine, and B
vitamin combination versus drink
plus placebo. Dose not available

N=9 resistance trained men
LCLT 2g/d x 23d

Uncontrolled trial
N=16 elite badminton players
LC 2g single dose

N=8 healthy men
LCLT 0,1,0r 2g/d x3wk

N=10 resistance trained men
LCLT 2g/d x3wk

N=12 healthy active subjects
LCLT- chronic or acute dose

N=19 healthy women
LC as LCLT + choline x 3wk

N=10 resistance trained men
LCLT 2g/d x3wk

N=10 resistance trained men
LCLT 2g/d x3wk

Uncontrolled trial
N=10 healthy subjects
LC 1g/d x 10d

N=5 rugby athletes
LC compared to water, caffeine, or
LC+caffeine
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Outcomes

e Significant attenuation of biomarkers of purine metabolism
e |muscle tissue disruption (myoglobin, creatine kinase)
e |muscle soreness, (p<0.05) for all these outcomes

e Total work in kilojoules (KJ) was significantly greater in the group
receving the drink plus combination (p<0.05) but not with the drink
alond compared to placebo

e Combination attenuated pre-to-post MVC declines

e Combination resulted in lower ratings of perceived exertion throughout
study (p<0.001)

e Near infrared spectroscopy (NIRS) showed |muscle oxygenation after exercise
and upper arm occlusion, suggesting 102 consumption
e | plasma malondealdehyde, marker of membrane damage

e Significant 1 in exercise maximum heart rate in men (p<0.05)

e Respiratory exchange ratio was significantly improved at the anaerobic
threshold (p<0.05)

e Other parameters were unchanged

¢ Both 1 and 2g doses | postexercise serum hypoxanthine, xanthine
oxidase, serum myoglobin (markers of muscle damage)
e | perceived muscle soreness (DOMS)

* Muscle biopsy showed 1 concentration of androgen receptors after
exercise compared to placebo (p<0.05)
¢ May promote muscle tissue recovery

e Chronic use significantly 1 total carbohydrate oxidation in men
compared to placebo (p=0.02)
¢ No effects on fat oxidation or blood responses

¢ 1fat mobilization measured by serum B-hydroxybutyric acid.
¢ tincomplete oxidation of fatty acids and disposal as acylcarnitines
o Effects on performance not directly assessed

* MRI of thigh muscle showed | exercise induced muscle damage
compared to placebo

e Significantly increased IGFBP-3 (p<0.05) before and after exercise,
compared to placebo

¢ MRI of thigh muscle showed muscle disruption of 41-45% that of the
placebo group following exercise

e Exercise induced 1 in markers of muscle damage were attenuated by
LCLT treatment (p<0.05)

e Increases in plasma malondialdehyde (markter of membrane damage)
normalized faster with LCLT

e 1-[(13)C] palmitic acid oxidation measured pre and post supplementation
in resting individuals

e Significant 1 in (13)CO2 exhalation, indicating tlong chain fatty acid
oxidation (p<0.01)

e LC significantly 1 endurance time compared with water control, and this
was further 1 in combination with caffeine.

¢ LC alone had a greater effect on endurance than caffeine alone

¢ Both agents offset exercise induced increases in total cholesterol,
triglyceride, and free fatty acids in blood

Reference

Ho 2010

Ganio 2010
[Abstr]

Spiering 2008

Eroglu 2008
[Abstr]

Spiering 2007

Kraemer 2006

Abramowicz

2005

Hongu 2003

Kraemer 2003

Volek 2002

Muller 2002

Cha 2001
[Abstr]




N=6 untrained subjects
LC 3g/d x 3wk

N=16 long distance runners
LC 2g/d x 4wk

N=47 healthy subjects given a 10%
glucose infusion, with or without 6g
LC, two doses 1 wk apart

N=14 long distance runners
LC 2g 2x/d x 4wk

N=24 long distance runners and
sprinters
LC 2g/d x 6mo

N=7 healthy men
LC 39/d x 7d

N=10 moderately trained men
LC 2g single dose

N=10 moderately trained men
LC 2g single dose

N=110 elite child athletes
LC 1g/d x 3wk or as a single dose

N=10 endurance trained subjects
LC 2g/d x 28d

N=14 elite cyclists
Protein supplement with or without
LC 2g/d x 10d

N=6 long distance walkers
LC 4g/d x 2wk
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e Significant | muscle pain, tenderness and CK release following 20 min
eccentric exercise of the quadriceps, compared to placebo

e LC significantly 1 activity of the PDH complex by increasing
transformation of acetyl-CoA into acetylcarnitine
e Indicates fcellular energy production

e LC reduced the resultant increase in plasma glucose through an insulin
independent mechanism, suggesting increased glucose usage

o Significantly 1 free and total LC in muscle of the treated athletes; | in
the control group
* 1 respiratory chain enzyme activity in muscle

e Long distance runners: LC offset a post exercise | in plasma free LC levels
o Sprinters: LC offset the post exercise | in free and total LC in muscle tissue

e LC significantly | the respiratory quotient compared to placebo under
conditions of normal oxygenation (p<0.01), and
e Under conditions of acute hypoxia at VO2 max near the anaerobic threshold

o Significant post exercise | plasma lactate and pyruvate, 1 acylcarnitine
e LC stimulated PDH activity, diverting pyruvate from lactate toward
formation of acylcarnitine

e LC significantly 1 maximal oxygen uptake (VO2max) and power output
at the maximal exercise intensity

e | CO2 production, pulmonary ventilation and plasma lactate, suggesting
increased aerobic processes

* Improvements in free fatty acids, triglycerides, lactic acid post exercise,
evoked muscular potential, plasma carnitine
o Similar results reported by Dagan 1987 [Abstr]

e LC significantly | the respiratory quotient during submaximal exercise
¢ Trend toward 1 O2 uptake, heart rate, blood glycerol, and resting plasma
free fatty acids, suggesting 1 lipid utilization

e LC significantly improved strength index, lean body mass, fat mass, total
work per kilogram compared to the placebo group
e Better performance in event setting, compared to placebo group

e Serum LC 1 at rest and after exercise
e VO2max 1 6% from 54.5 to 57.8 ml 02/kg-min (p<0.02)

*All studies are RCTs unless otherwise specified. Majority are of placebo controlled cross over design.

Giamberardino
1996

Arenas 1994

Angelini 1993

Huertas 1992

Arenas 1991

Wyss 1990

Siliprandi 1990

Vecchiet 1990

Dragan 1989
[Abstr]

Gorostiaga
1989

Dragan 1988
[Abstr]

Marconi 1985

Key: CK creatinine kinase; IGFBP-3 insulin like growth factor binding protein 3; LCLT L-carnitine L-tartarate; PDH pyruvate dehydrogenase

Spiering (2008) used NIRS to examine the effect of LCLT
(L-carnitine, L-tartarate combination) on muscle tissue
oxygenation during and after multiple sets of squats
(resistance exercise) as well as forearm oxygenation during
and after brachial artery occulsion. NIRS measures

period there was a brief period during which tissue
hemoglobin oxygenation was also significantly lower with
LC treatment (p-values not reported). These finding suggest
that LC increases muscle oxygen consumption under
conditions of hypoxia and during recovery from exercise.
the percentage of hemoglobin saturation in tissue. LC

treatment led to significantly lower tissue hemoglobin
oxygenation during artery occlusion compared to placebo,
suggesting that LC increased tissue O2 consumption.
During resistance exercise, there were no significant

Muller (2002) used 13-C radiolabelled palmitic acid to
assess the effect of LC on cellular oxygen utilization.
Ten healthy subjects underwent baseline testing with a
single dose of radiolabelled palmitic acid, followed by

differences in oxygenation; however during the recovery LC treatment 3g/d for 10 days followed by a retesting
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with ingestion of radiolabelled palmitic acid, 1g. As

part of the radiolabelled 13-C test, breath samples were
collected for 15 minutes for the following 15 hours to
assess exhalation of 13-C as CO2. On the day of testing,
all subjects were fed standardized meals. LC resulted

in increased 13CO2 production in 9 of 10 subjects. LC
increased 13-C exhalation from an average of 5.12% to
7% (p<0.01). This suggests that LC supplementation can
increase fatty acid oxidation in healthy individuals.

Kraemer (2003) evaluated muscle damage and disruption
using thigh MRI. Ten resistance trained men performed
five sets of 15-20 squats with a load that was pre-designed
to induce detectable muscle disruption but not severe
damage on MRI. LC as LCLT was administered at 3g/d
for three weeks prior to testing. MRI was conducted
before the exercise
exercise. Blood

This was
to exercising
the capillary,
hypoxia” (K
on the IGF (i

muscular
some effects

breakdown following exercise (hypoxanthine, xanthine
oxidase, and serum uric acid, myoglobin, fatty acid-
binding protein, and creatine kinase) were significantly
(p<0.05) attenuated by LCLT. DOMS ratings were
significantly lower in the LC group compare to placebo
(p<0.05). The percentage of muscle tissue disruption

in the LCLT group as assessed by MRI cross-sectional
scans of the midthigh at 1 and 4 days post exercise was
41-45% less than that of the placebo group, representing
significantly less muscle damage in the treatment group

(p<0.05). Clinically, less muscle damage translates into
a quicker recovery from exercise and a higher training
capacity, for instance, increased frequency of work outs.
It should be noted that three of these studies as well

as several listed in Table 1 used LC in combination

with L-tartarate, and it is possible that this substance
also contributed to the overall results of the studies.

SAFETY

Although L-carnitine has been a a prescription substance
in Canada for many years, it has recently undergone
review by Health Canada and is in the process of
becoming regulated as a non-prescription substance when
used for conditions other than primary or secondary

LC deficiencies (Health Canada 2009). LC possesses a
high safety profile. Hathcock (2006) conducted a risk

d found that “evide
p to 2000 mg/d L-
plementation, and

essment review of

ty is strong at int
ivalents for chro

d, cisplain/ adri
however there i
eractions betwe

rove performance in
has been shown to increase cellular energy production,
decrease muscle damage by close to 50%, decrease DOMS,
increase muscle repair, and ultimately improve exercise
performance. Although the totality of the evidence shows
mixed outcomes, there is a large number of studies
including a handful of very high quality studies showing
benefit on these outcomes, very relevant to athletic
performance. These findings may warrant consideration
for use by athletes and practitioners seeking safe and
natural strategies for performance enhancement. ll
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