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Fat and carbohydrate are the major fuel sources utilised for oxidative, mitochondrial ATP
resynthesis during human skeletal muscle contraction. The relative contribution of these two
substrates to ATP resynthesis and total energy expenditure during exercise can vary substan-
tially, and is predominantly determined by fuel availability and exercise intensity and dur-
ation. For example, the increased ATP demand that occurs with an increase in exercise
intensity is met by increases in both fat and carbohydrate oxidation up to an intensity of
approximately 60–70 % of maximal oxygen consumption. When exercise intensity increases
beyond this workload, skeletal muscle carbohydrate utilisation is accelerated, which results
in a reduction and inhibition of the relative and absolute contribution of fat oxidation to
total energy expenditure. However, the precise mechanisms regulating muscle fuel selection
and underpinning the decline in fat oxidation remain unclear. This brief review will primar-
ily address the theory that a carbohydrate flux-mediated reduction in the availability of mus-
cle carnitine to the mitochondrial enzyme carnitine palmitoyltransferase 1, a rate-limiting
step in mitochondrial fat translocation, is a key mechanism for the decline in fat oxidation
during high-intensity exercise. This is discussed in relation to recent work in this area inves-
tigating fuel metabolism at various exercise intensities and taking advantage of the discovery
that skeletal muscle carnitine content can be nutritionally increased in vivo in human
subjects.

Exercise: Skeletal muscle: Fat metabolism: Carbohydrate metabolism: Carntitine

Carbohydrate and fat are the primary fuel sources for
mitochondrial ATP resynthesis in human skeletal mus-
cle. The relative utilisation of these two substrates during
exercise can vary substantially and depends strongly on
substrate availability and exercise duration and intensity.
Fat constitutes the largest energy reserve in the body, and
in terms of the amount available, it is not limiting to
endurance exercise performance. However, fat exhibits
a relatively low maximal rate of oxidation in vivo,
which begins to measurably decline at an exercise inten-
sity of approximately 60–70 % of maximal oxygen con-
sumption (VO2max), above which muscle glycogen
becomes the major fuel supporting ATP resynthesis(1–3).

The muscle glycogen stores are limited and it has been
well established that muscle glycogen depletion coincides
with fatigue during very prolonged high-intensity endur-
ance exercise(4). As fatigue can be postponed by increas-
ing pre-exercise muscle glycogen content(4), it is thought
that augmenting the rate of fat oxidation during endurance
exercise could delay glycogen depletion and improve pro-
longed endurance exercise performance. Indeed, it has
long been known that enhanced fat oxidation is one of
the main muscle adaptations to endurance exercise train-
ing(5). However, the mechanisms that regulate the relative
contributions of carbohydrate and fat oxidation in skeletal
muscle during exercise have not been clearly elucidated.
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Several potential regulatory points (Fig. 1) could influence
the decline in the rate of fat oxidation in skeletal muscle
during high-intensity endurance exercise, including: (1)
regulation of lipolysis within adipose tissue and intramus-
cular TAG pools; (2) transport and delivery of circulating
NEFA from adipose tissue stores to working skeletal mus-
cle; (3) transport of fatty acids across the muscle cell mem-
brane and within the cell cytosol to the outer
mitochondrial membrane; (4) transport of fatty acid across
the outer mitochondrial membrane via carnitine palmitoyl-
transferase 1 (CPT1), the rate-limiting step in fatty acid
oxidation; (5) intramitochondrial enzymatic reactions dis-
tal to CPT1. The present review will primarily address
the theory that a carbohydrate flux-mediated reduction in
the availability of muscle carnitine, the major substrate
for CPT1, is a key mechanism for the decline in fat oxida-
tion during high-intensity exercise. This is discussed in rela-
tion to recent work in this area taking advantage of the
discovery that the skeletal muscle carnitine content can
be nutritionally increased in vivo in human subjects and
has a significant impact upon fuel selection during endur-
ance exercise.

Integration of fat and carbohydrate oxidation during
exercise

There is increasing evidence to suggest that fat oxidation
during exercise is directly regulated by the rate of flux
through the mitochondrial pyruvate dehydrogenase
enzyme complex (PDC), a rate-limiting step in skeletal
muscle carbohydrate oxidation. Increasing exercise inten-
sity, from moderate to high, or increasing carbohydrate
availability during exercise, increases glycolysis and flux
through the PDC with a corresponding decrease in the
rate of fat oxidation(1,2,6). A likely site of the regulation
of fat oxidation by carbohydrate flux is CPT1. Increasing
glucose availability at rest, via a hyperglycaemic–hyperin-
sulinaemic clamp, decreases long-chain fatty acid ([13C]ole-
ate) oxidation with no effect on medium-chain fatty acid
([13C]octanoate) oxidation(7). This would suggest an inhib-
ition of fat oxidation at the level of CPT1 as medium-chain
fatty acids cross the mitochondrial membrane to be oxi-
dised independently of CPT1. The same effect of carbohy-
drate was seen during moderate-intensity exercise at 50 %
VO2max, where hyperglycaemia (induced as a result of

Fig. 1. A schematic diagram of the roles of carnitine within the context of skeletal muscle fuel metabolism for ATP resynthesis during
exercise. Carnitine’s role in long-chain fatty acid (acyl group) translocation into the mitochondrial matrix, for subsequent β-oxidation is
highlighted in red, whereas the role of carnitine as a buffer of excess acetyl-CoA production and as a stockpile of acetyl groups is
highlighted in blue. PDC, pyruvate dehydrogenase complex; CAT, carnitine acetyltransferase; CACT, carnitine acylcarnitine
translocase; CPT, carnitine palmitoyltransferase; IMTG, intramuscular tryglyceride; Cr, creatine; PCr, phosphocreatine.

F. B. Stephens12

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665117003937 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665117003937


pre-exercise ingestion of glucose) increased glycolytic flux
and reduced long-chain fatty acid ([1-13C]palmitate) oxida-
tion(8). Again, medium-chain [1-13C]octanoate oxidation
was unaffected, suggesting that carbohydrate metabolism
can also directly limit fat oxidation at the level of CPT1
during exercise. It should be noted that these responses
might have been mediated, at least in part, via an
insulin-induced inhibition of adipose tissue lipolysis, result-
ing in decreased plasma NEFA availability. However, in
the study of Sidossis and Wolfe(7), normal plasma NEFA
was maintained constant and muscle long-chain
acyl-CoA levels did not change, suggesting that NEFA
availability, uptake and cytosolic transport were not limit-
ing. Furthermore, restoring plasma NEFA concentration
during the exercise trial, via lipid and heparin infusion,
did not fully restore fat oxidation rates, again suggesting
that the inhibitory effect of increased carbohydrate avail-
ability resides at the level of oxidation, rather than
NEFA availability(9). In support of this theory, increasing
fat oxidation rates 2-fold during exercise at 65 % VO2max,
due to different pre-exercise muscle glycogen content, has
no effect on muscle NEFA uptake rates or FAT/CD36
(the protein responsible for NEFA uptake into skeletal
muscle) protein levels(6).

A glance at carnitine palmitoyl transferase 1 regulation
during exercise

Several intracellular mechanisms leading to the down-
regulation of long-chain fatty acid oxidation at the
level of CPT1 during exercise with high glycolytic flux
have been proposed, including inhibition of CPT1 by
malonyl-CoA, acylcarnitine or acidosis, and reduced
substrate availability of carnitine or long-chain fatty
acyl-CoA. The following section will focus on mechan-
isms that have been investigated in vivo and in human
subjects.

Malonyl-CoA is a potent inhibitor of CPT1 activity in
vitro and is a likely candidate as the intracellular regula-
tor of the rate of long-chain fatty acid oxidation human
skeletal muscle. Indeed, in resting human skeletal muscle,
changes in malonyl-CoA concentration have occurred
with opposite changes in fat oxidation(10,11). Skeletal
muscle malonyl-CoA concentration is regulated by
AMP-activated protein kinase (AMPK) and by the cyto-
solic concentration of citrate, which inactivate and acti-
vate the enzyme responsible for malonyl-CoA synthesis
from acetyl-CoA (acetyl-CoA carboxylase), respect-
ively(12). Thus, increased muscle concentrations of
acetyl-CoA and citrate, due to increased glycolytic flux,
would increase muscle malonyl-CoA concentration (via
an increase in acetyl-CoA carboxylase activity) and, there-
fore, inhibit long-chain fatty acid oxidation via CPT1. In
support of this theory, a significant negative correlation
was obtained between muscle malonyl-CoA content and
fat oxidation rates in healthy middle-aged men during
a two-step euglycaemic–hyperinsulinaemic clamp(10).
Furthermore, hyperglycaemia with hyperinsulinaemia
increased resting skeletal muscle malonyl-CoA content
3-fold in healthy human subjects, resulting in a

functional decrease in CPT1 activity, as evidenced by
an 80 % inhibition of leg [13C]oleate oxidation, with no
change in [13C]octanoate oxidation(11). However, it
appears that muscle malonyl-CoA concentration may
not regulate long-chain fatty acid oxidation during
exercise. Roepstorff et al.(6) demonstrated that, despite
a 122 % increase in fat oxidation rates (due to depleted
pre-exercise muscle glycogen content) during exercise at
65 % VO2max, there were no differences in muscle
malonyl-CoA content compared to control. These
findings are also supported by other human exercise stud-
ies where no association between malonyl-CoA content
and fat oxidation rates were obtained in skeletal muscle
during prolonged moderate-intensity exercise(13) or dur-
ing graded-intensity exercise(14,15). Furthermore,
α2-AMPK activity more than doubled with an associated
6-fold increase in acetyl-CoA carboxylase-β (muscle iso-
form) phosphorylation, and significant decrease in
malonyl-CoA concentration was observed following
both prolonged and high-intensity exercise, where fat
oxidation paradoxically increased and decreased,
respectively(6,15). Taken together, these findings would
suggest that malonyl-CoA does not play a major role
in the regulation of long-chain fatty acid oxidation in
human skeletal muscle during exercise.

Carnitine is the principal substrate for CPT1, suggest-
ing that it may play a role in the regulation of fat oxida-
tion. Irving Fritz and co-workers first established that
mitochondria in a variety of tissues are impermeable to
fatty acyl-CoA, but not to fatty acylcarnitine, and that
carnitine and CPT1 are essential for the translocation
of long-chain fatty acids into skeletal muscle mitochon-
dria for β-oxidation(16). Since these discoveries, it has
been established that CPT1, situated within the outer
mitochondrial membrane, catalyses the reversible esterifi-
cation of carnitine with long-chain acyl-CoA to form
long-chain acylcarnitine. Cytosolic acylcarnitine is then
transported into the mitochondrial matrix in a simultan-
eous 1 : 1 exchange with intramitochondrial-free carnitine
via the carnitine acylcarnitine translocase, which is situated
within the mitochondrial inner membrane (Fig. 1). Once
inside the mitochondrial matrix, acylcarnitine is trans-
esterified back to free carnitine and long-chain acyl-
CoA in a reaction catalysed by carnitine palmitoyltrans-
ferase 2, which is situated on the matrix side of the inner
mitochondrial membrane. The intramitochondrial long-
chain acyl-CoA is then oxidised and cleaved by the
β-oxidation pathway(17). The significance of this ‘carni-
tine cycle’ to fat oxidation during exercise is highlighted
in patients with carnitine, carnitine palmitoyltransferase
2 or carnitine acylcarnitine translocase deficiency
(CPT1 deficiency appears to be incompatible with life)
who typically experience severely reduced rates of fat oxi-
dation during prolonged exercise along with muscle pain
and weakness, hypoglycaemia and hypoketosis. CPT1 is
considered to be the rate-limiting enzyme for long-chain
fatty acid entry into the mitochondria and oxidation, but
carnitine is classically not thought to be rate limiting to
CPT1. Indeed, the concentration of carnitine in skeletal
muscle is approximately 5 mM intracellular water(18) and
far in excess of the in vitro Michaelis–Menten constant
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(Km) of muscle CPT1 for carnitine of approximately
0·5 mM

(19). However, the enzymes of the carnitine cycle
co-immunoprecipitate and aremainly located in the specia-
lised contact sites between outer and inner mitochondrial
membranes in order to allow metabolic channelling(20).
Thus, it is likely that the intramitochondrial content of
free carnitine determines carnitine availability to CPT1
and, as this is approximately 10 % of the whole muscle car-
nitine pool(21), that in vivo carnitine availability could be
rate limiting to the CPT1 reaction. Indeed, during condi-
tions of high glycolytic flux, such as during exercise at a
high intensity or with elevated carbohydrate availability,
muscle-free carnitine availability is reduced(2,6).

Free carnitine availability is reduced during
high-intensity exercise

The reduction in free carnitine availability observed with
high glycolytic flux first became apparent in 1966 when
Childress and Sacktor recognised that the blowfly flight
muscle, which does not oxidise fatty acids during flight,
was rich in carnitine and carnitine acetyltransferase
(CAT)(22). During the initial phase of flight, acetyl-CoA
from glycolysis was generated faster than its utilisation
by the TCA cycle, with a corresponding 4-fold increase
in acetylcarnitine. Childress and Sacktor suggested that
carnitine accepted the excess acetyl groups, via the action
of mitochondrial CAT, in order to maintain a viable pool
of free CoA to permit the continuation of pyruvate oxi-
dation (Fig. 1). Subsequent work from Harris and
co-workers in human subjects and thoroughbred horses
demonstrated that following a few minutes of intense,
near-maximal exercise, muscle-free carnitine content
was reduced from approximately 80 % of the total mus-
cle carnitine pool at rest (muscle total carnitine content
is approximately 20 mM/(kg dry muscle (dm)) in human
subjects) to approximately 20 %, with almost all of the
reduction being attributed to formation of acetylcarni-
tine(23–25). However, there was no change in muscle
acetylcarnitine content following a few minutes of exer-
cise at lower intensities(26,27). Constantin-Teodosiu and
co-workers(28) also demonstrated a rapid increase in acetyl-
carnitine formation in human subjects from 3 to 13 mM/
(kg dm) following 3 min intense exercise at 75 %
VO2max. Furthermore, over the next hour of exercise,
acetylcarnitine gradually increased to 16 mM/(kg dm),
suggesting that exercise duration, as well as intensity,
contributes to acetylcarnitine accumulation, albeit to a
lesser degree. If a second bout of exercise is performed(29),
or if exercise is continued for several hours(30), then
acetyl-CoA availability may actually be less than the
demands of the TCA cycle and the stockpiled acetyl
groups can be used as a fuel source via the reverse CAT
reaction (Fig. 1). Indeed, Seiler et al.(31) recently observed
an inability to use stockpiled acetylcarnitine following
exercise in an incomplete CAT knockout mouse, i.e. the
incomplete reverse CAT reaction resulted in a decline
in acetyl-CoA. However, this did not warrant their con-
clusion ‘this observation is consistent with the premise
that during intense exercise CAT catalyses net flux in

the direction of acetyl-CoA’, which is certainly not con-
sistent with the aforementioned studies in human subjects
that observed a net accumulation of acetylcarnitine dur-
ing intense exercise.

Research by van Loon et al.(2) demonstrated that a
35 % decrease in the rate of long-chain fatty oxidation
that occurred at an exercise intensity above 70 %
VO2max, measured using a [U-13C]palmitate tracer,
was paralleled by a 65 % decrease in skeletal muscle-free
carnitine content. In support of these findings,
Roepstorff et al.(6) demonstrated a 2·5-fold decrease in
the rate of fat oxidation, compared to control, during
moderate-intensity exercise (65 % VO2max) when free
carnitine availability was reduced to 50 % (12 mM/(kg
dm)) of the total carnitine store, as a result of pyruvate,
and thereby acetyl-CoA, production being increased due
to elevated pre-exercise muscle glycogen stores. During
bicycle exercise at 75 % VO2max to exhaustion, both
muscle-free carnitine content and fat oxidation rates
were also markedly higher with low pre-exercise muscle
glycogen content compared to control(32). Taken together,
the aforementioned studies suggest a relationship between
skeletal muscle-free carnitine availability (and therefore
carbohydrate metabolism) and the regulation of long-chain
fatty acid oxidation rates, via CPT1, in human skeletal
muscle during exercise.

Is reduced free carnitine availability related to insulin
resistance?

It would be remiss not to mention a recent growing body
of research in the area of skeletal muscle carnitine metab-
olism, particularly related to skeletal muscle insulin
resistance. Insulin resistance is characterised by a ‘meta-
bolic inflexibility’ in the reciprocal relationship between
fatty acid and glucose oxidation within skeletal mus-
cle(33). In keeping with observation in the same incom-
plete CAT knockout model by Muoio et al.(34), a
recent article of Lindeboom et al.(35) asserts that ‘the
transformation of excessive acetyl-CoA into acetylcarni-
tine is important to maintain metabolic flexibility’, and
that ‘compromised capacity to generate acetylcarnitine,
either due to reduced CAT activity or low carnitine con-
centration, may reduce pyruvate dehydrogenase activity,
hence reducing oxidative degradation of glucose’. Contrary
to this opinion, biochemically determined human muscle
acetylcarnitine content is reduced under insulin-stimulated,
high-glucose conditions(36), and increased in the insulin
resistant state(37,38). What is more, as aforementioned,
compelling evidence has demonstrated a positive, constant
linear relationship exists between muscle acetyl-CoA
formation and acetylcarnitine accumulation over low-
to-maximum rates of mitochondrial flux(22,24,27,39).
Lindeboom et al.(35) themselves report maximal ex vivo
CAT activity in participants with type 2 diabetes of 52·6
nmol/mg protein per min, which is far in excess of PDC
flux rates even during high-intensity exercise (15 nmol/mg
protein per min)(27). This clearly demonstrates that CAT
is not limiting the equilibrium between acetyl-CoA and
acetylcarnitine, making it highly unlikely that
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acetylcarnitine accumulation could be compromised for
reasons other than rates of acetyl-CoA formation from
pyruvate dehydrogenase or β-oxidation reactions.
Illustrated another way, if CAT activity was indeed limiting
in insulin-resistant individuals, then mitochondrial ATP
production would be markedly suppressed, as the rapid
sequestering of the micromolar concentrations of
mitochondrial-free CoA as acetyl-CoA would immedi-
ately compromise pyruvate dehydrogenase and TCA
cycle flux. This clearly does not happen, rather it is likely
that group differences in ex vivo maximal CAT activity
and in vivo mitochondrial function reported by
Lindeboom et al.(35) would be dissipated if corrected
for mitochondrial content, particularly given the appar-
ent impairment of muscle mitochondrial function in
patients with type 2 diabetes is accounted for by differ-
ences in mitochondrial content(40). Finally, the resting
muscle acetylcarnitine content of participants with type
2 diabetes in Lindeboom et al. was 12 % of the measured
total carnitine pool, suggesting that free carnitine was 88
% of the total muscle carnitine pool and making it highly
improbable that free carnitine availability was limiting
to pyruvate dehydrogenase flux and acetylcarnitine
formation.

Can skeletal muscle carnitine content be increased?

Further insight into whether free carnitine availability is
limiting to CPT1 and the rate of fatty acid oxidation can
be provided by increasing skeletal muscle carnitine con-
tent. However, the majority of the pertinent studies in
healthy human subjects to date have failed to increase
skeletal muscle carnitine content via oral or intravenous
L-carnitine administration(39). For example, neither feed-
ing L-carnitine daily for up to 3 months(41), nor intraven-
ously infusing L-carnitine for up to 5 h(42), had an effect
on muscle total carnitine content, or indeed net uptake
of carnitine across the leg(43) or arm(44) (Table 1).
Furthermore, feeding 2–5 g/d L-carnitine for 1 week to
3 months prior to a bout of exercise had no effect on per-
ceived exertion, exercise performance, VO2max or mar-
kers of muscle substrate metabolism such as RER,
VO2, blood lactate, leg NEFA turnover and post-exercise
muscle glycogen content(39). What was apparent from the
earlier carnitine supplementation studies was that muscle
carnitine content was either not measured or, if it was,
not increased. This is likely explained by the finding
that carnitine is transported into skeletal muscle against
a considerable concentration gradient (>100-fold) that
is tightly regulated and saturated under normal condi-
tions, and so it is unlikely that simply increasing plasma
carnitine availability per se will increase muscle carnitine
transport and storage(39). Indeed, recent human and por-
cine studies of arterio-venous carnitine fluxes confirmed
that net muscle carnitine uptake/efflux is negligible
under fasting conditions(44,45), with systemic concentra-
tions of carnitine and acylcarnitines largely governed
by gut absorption, hepatic release and renal filtration(45).
However, insulin appears to stimulate skeletal muscle
carnitine transport, and intravenously infusing

L-carnitine in the presence of high circulating insulin
(>50 mU/l) can increase muscle carnitine content by 15
%(36,42,46). Furthermore, ingesting relatively large quan-
tities of carbohydrate in a beverage (>80 g) can stimulate
insulin release to a sufficient degree to increase whole
body carnitine retention when combined with 3 g carni-
tine feeding and, if continued for up to 6 months (80 g
carbohydrate + 1·36 g L-carnitine twice daily) can
increase the muscle store by 20 % compared to carbohy-
drate feeding alone(47). Indeed, ingesting 80 g carbohy-
drate facilitated a positive net arterio-venous carnitine
balance across the forearm(44), which, assuming the
majority of the measured plasma carnitine extraction
across the forearm occurred into skeletal muscle, equated
to a whole body muscle accumulation of 390 µM and
aligned well with the 370 µM (60 mg) carnitine retention
predicted from differences in urinary carnitine excretion
in previous studies(48). Extended to a chronic feeding
scenario, this would equate to a daily increase in muscle
carnitine content of 50 µM/(kg dm), which would aug-
ment muscle total carnitine content stores (approxi-
mately 20 mM/(kg dm)) by 22 % over 12 weeks. Again,
this extrapolation is in good agreement with the 21 %
increase in muscle carnitine content reported by
Stephens et al.(49). However, such a large carbohydrate
load per se (160 g/d) will likely affect metabolism and
alter body composition(49) and so investigation into alter-
native oral insulinogenic formulations that can stimulate
muscle carnitine accumulation using lower carbohydrate
loads is warranted. For example, whey protein has previ-
ously been fed with carbohydrate to promote insulin-
mediated muscle creatine retention(50) and, unlike carbo-
hydrate, prolonged protein supplementation is less likely
to influence body fat content(51). Unpublished data from
our laboratory would suggest that daily feeding of 3 g
L-carnitine in combination with a beverage containing
44 g carbohydrate and 13 g protein results in about a
20 % increase in the muscle carnitine pool over 24
weeks (Chee et al., unpublished results).

Does increasing muscle carnitine content reduce the
inhibition of fat oxidation during high-intensity exercise?

Consistent with the hypothesis that free carnitine avail-
ability is limiting to CPT1 flux and fat oxidation, the
increase in muscle total carnitine content in the study
of Wall et al.(47) equated to an 80 % increase in free car-
nitine availability during 30 min exercise at 50 %
VO2max compared to control and resulted in a 55 %
reduction in muscle glycogen utilisation. Furthermore,
this was accompanied by a 30 % reduction in PDC acti-
vation status during exercise, suggesting that a carnitine-
mediated increase in fat-derived acetyl-CoA inhibited
PDC and muscle carbohydrate oxidation. Put another
way, L-carnitine supplementation increased muscle-free
carnitine concentration during exercise at 50 %
VO2max from 4·4 to 5·9 mM/l intracellular water, equat-
ing to an intramitochondrial concentration of 0·44 and
0·59 mM/l, which is below and above the Km of CPT1
for carnitine, respectively(19). However, during 30 min
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Table 1. A summary of studies that have measured muscle carnitine content or balance following L-carnitine administration

Reference Dose of L-carnitine Combined with insulin? Change in muscle carnitine Effect on metabolism

Shannon et al.(44) 1 × 3 g orally No No net uptake across forearm Not measured
Shannon et al.(44) 1 × 3 g orally Ingested 1 h before 80 g maltodextrin Approximately 0·25 %/d increase

across forearm
Not measured

Shannon et al.(44) 1 × 3 g orally Ingested 1 h before 40 g maltodextrin + 40 g
whey protein

No net uptake across forearm Not measured

Soop et al.(43) 1 × 5 g/d orally for 5 d No Net release of carnitine from the leg No
Stephens et al.(42) Approximately 5 g

intravenously over 5 h
6 h intravenous infusion of insulin to achieve
fasting (5 mU/l) serum insulin concentration

No change in vastus lateralis total
carnitine content

No

Stephens et al.(42) Approximately 5 g
intravenously over 5 h

6 h intravenous infusion of insulin to achieve
180 mU/l serum insulin concentration

13 % increase in vastus lateralis total
carnitine content

Not measured

Stephens et al.(46) Approximately 5 g
intravenously over 5 h

6 h intravenous infusion of insulin to achieve
>50 mU/l serum insulin concentration

10 % increase in whole body plasma
carnitine clearance v. 5 mU/l serum
insulin

Not measured

Stephens et al.(36) Approximately 5 g
intravenously over 5 h

6 h intravenous infusion of insulin to achieve
180 mU/l serum insulin concentration

15 % increase in vastus lateralis total
carnitine content

Inhibition of PDC and diversion of
carbohydrate flux to storage as
glycogen

Wächter et al.(41) 2 × 2 g/d orally for 3 months No No change in vastus lateralis total
carnitine content

No

Stephens et al.(49) 2 × 1·36 g/d orally for 12 weeks Ingested with 80 g high molecular weight
glucose polymer

20 % increase in vastus lateralis total
carnitine content

Increase in energy expenditure at 50 %
VO2max

Wall et al.(47) 2 × 1·36 g/d orally for 24 weeks Ingested with 80 g high molecular weight
glucose polymer

20 % increase in vastus lateralis total
carnitine content

Sparing of muscle glycogen at 50 %
VO2max. Better matching of
carbohydrate to TCA cycle flux at 80 %
VO2max. Increase in cycling time trial
performance

Shannon et al.(55) 2 × 1·36 g/d orally for 24 weeks
in combination with HIIT
training

Ingested with 80 g maltodextrin 30 % increase in vastus lateralis free
carnitine content v. placebo

Increase in efficiency at VO2max. No
adaptation to HIIT training

Chee et al.
unpublished

1 × 3 g/d orally for 25 weeks Ingested with nutritional supplement
containing 44 g maltodextrin and 13 g
whey protein

20 % increase in vastus lateralis total
carnitine content

20 % increase in fat oxidation at 50 %
VO2max

HIIT, high-intensity interval training; PDC, pyruvate dehydrogenase enzyme complex.
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exercise at 80 % VO2max with increased muscle total car-
nitine content, the same apparent effects on fat oxidation
were not observed(47). In contrast, there was greater PDC
activation (40 %) and flux (16 % greater acetylcarnitine),
resulting in markedly reduced muscle lactate accumula-
tion in the face of similar rates of glycogenolysis com-
pared to control. This suggested that free carnitine
availability was limiting to PDC flux during high-
intensity exercise and that increasing muscle carnitine
content resulted in a greater acetyl-CoA buffering cap-
acity and better matching of glycolytic to PDC flux.
The study by Wall et al.(47) also demonstrated a remark-
able improvement in exercise performance in all partici-
pants (11 % mean increase) during a 30-min cycle
ergometer time trial in the carnitine-loaded state. This
is consistent with animal studies reporting a delay in
fatigue development by 25 % during electrical stimula-
tion in rat soleus muscle strips incubated in carnitine in
vitro(52). Whether these improvements in endurance per-
formance are due to glycogen sparing as a result of a
carnitine-mediated increase in fat oxidation, or the
reduced reliance on non-oxidative ATP production
from carbohydrate oxidation (increase acetyl-group buf-
fering and reduced lactate accumulation) requires further
investigation, but due to the high-intensity nature of the
time trial, the latter would appear more likely.
Nevertheless, the long-held belief that carnitine supple-
mentation can improve endurance performance via aug-
menting its role in fat oxidation should be revised to
place more emphasis on the major role that carnitine
plays in carbohydrate metabolism during exercise.

Does increasing muscle carnitine content affect muscle
metabolism during very high-intensity exercise?

During very high-intensity exercise (>100 % VO2max),
where there is a negligible contribution of fat oxidation
to energy expenditure, there is a plateau in muscle
acetyl-group accumulation that is associated with a
greatly accelerated rate of lactate production(39,53). This
increasing proportion of glycolytic flux that is directed
towards lactate formation is often cited as a key compo-
nent in the development of fatigue during very intense
exercise(54). Under these conditions, it is unclear whether
free carnitine availability is limiting to PDC flux and
mitochondrial ATP resynthesis, or simply that TCA
cycle flux and PDC flux (i.e. mitochondrial capacity)
are maximal. This is most evident during repeated
bouts of very high-intensity exercise, where acetylcarni-
tine accumulation during the first bout of exercise pre-
vents further acetyl-group buffering during subsequent
bouts due to reduced free carnitine availability, which
results in an increased reliance on phosphocreatine deg-
radation (indicative of a declining contribution from
mitochondrial ATP delivery) and ultimately fatigue(55).
Thus, if carnitine availability is indeed limiting to PDC
flux during intense, repeated-bout exercise, it is plausible
that increasing skeletal muscle carnitine availability as
in(47) during a prolonged period of high-intensity interval
(i.e. repeated bout) training (HIIT) could influence the

adaptations to this type of training. However, we have
recently demonstrated that although increasing skeletal
muscle-free carnitine content via 24 weeks of twice
daily L-carnitine (1·36 g) and carbohydrate (80 g) feeding
increased the capacity to buffer excess acetyl groups dur-
ing a single 3 min bout of high-intensity exercise at 100 %
VO2max (as evidenced by a reduced muscle phospho-
creatine degradation), it did not further influence skeletal
muscle metabolism during a repeated bout, nor improve
training-induced changes in muscle metabolism,
VO2max, or work output over 24 weeks of HIIT(55).
This would suggest that either acetylcarnitine formation,
or PDC flux, is not limiting to mitochondrial ATP deliv-
ery during repeated bouts of exercise of this duration and
intensity, or that the adaptations to HIIT outweighed
any benefit of increasing free carnitine availability.
Indeed, following 24 weeks of HIIT non-mitochondrial
ATP production and acetylcarnitine accumulation dur-
ing a second bout of exercise were blunted to such an
extent that they were lower than the pre-training first
bout, suggesting a better matching of PDC and TCA
cycle flux during repeated bouts of exercise and a lower
dependence on mitochondrial acetyl-group buffering.

Conclusion

In conclusion, it appears that skeletal muscle carnitine
availability influences fuel selection during exercise.
Carnitine availability appears limiting to the CPT1 reac-
tion, such that during high-intensity exercise, a carbohy-
drate flux-mediated decline in free carnitine is paralleled
by a decline in the rate of fat oxidation. Indeed, nutrition-
ally increasing skeletal muscle carnitine content increases
fat oxidation during low-intensity exercise. However,
increasing carnitine availability during high-intensity exer-
cise does not offset the decline in fat oxidation, but facili-
tates a better matching of carbohydrate flux by buffering
excess acetyl groups from the PDC reaction. Thus, the
long-held belief that carnitine supplementation can
improve endurance performance via augmenting its role
in fat oxidation, should be revised to place more emphasis
on the major role that carnitine plays in carbohydrate
metabolism during exercise, particularly as increasing mus-
cle carnitine content can improve high-intensity exercise
performance and most athletes compete at high exercise
intensities. However, caution should be taken as nutrition-
ally increasing carnitine content appears to have little effect
during repeated bouts of exercise at very high intensities or
adaptation to HIIT training, likely because oxidative
metabolism is already maximal.
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