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Skeletal muscle malonyl-CoA content at the onset of exercise
at varying power outputs in humans. Am. J. Physiol. 274
(Endocrinol. Metab. 37): E1080–E1085, 1998.—To investi-
gate the regulation of intramuscular fuel selection, we mea-
sured the malonyl-CoA (M-CoA) content in human skeletal
muscle at three exercise power outputs [35, 65, and 90%
maximal rate of O2 consumption (V̇O2max)]. Four males and
four females cycled for 10 min at one power output on three
separate occasions with muscle biopsies sampled at rest and
at 1 and 10 min. The respiratory exchange ratio was 0.84 6
0.03, 0.92 6 0.02, and .1.0 at 35, 65 and 90% V̇O2max,
respectively. Muscle lactate content increased and phosphocre-
atine content decreased as a function of power output.
Pyruvate dehydrogenase a activity increased from 0.40–0.64
mmol·kg wet muscle21 ·min21 at rest to 1.57 6 0.28, 2.80 6
0.41, and 3.28 6 0.27 mmol·kg wet muscle21 ·min21 after 1
min of cycling at the three power outputs, respectively. Mean
resting M-CoA contents were similar at all power outputs
(1.85–1.98 µmol/kg dry muscle). During exercise at 35%
V̇O2max, M-CoA decreased from rest at 1 min (1.85 6 0.29 to
1.20 6 0.12 µmol/kg dry muscle) but returned to rest level by
10 min (1.86 6 0.25 µmol/kg dry muscle). M-CoA content did
not decrease during cycling at 65% V̇O2max. At 90% V̇O2max,
M-CoAdid not increase despite significant acetyl-CoAaccumu-
lation (the substrate for M-CoA synthesis). The data suggest
that a decrease in M-CoA content is not required for the
increase in free fatty acid uptake and oxidation that occurs
during exercise at 35 and 65% V̇O2max. Furthermore, M-CoA
content does not increase during exercise at 90% V̇O2max and
does not contribute to the lower rate of fat oxidation at this power
output.

fatty acid oxidation; acetyl-coenzyme A; acetyl-coenzyme A
carboxylase; carnitine palmitoyltransferase I; high-perfor-
mance liquid chromatography; malonyl-coenzyme A

MALONYL-COA (M-CoA) has recently been the subject of
much interest due to its potential role in intramuscular
fuel selection during exercise. Carnitine palmitoyltrans-
ferase (CPT) I, the key enzyme responsible for the
transport of fatty acids into mitochondria for oxidation,
is potently inhibited by M-CoA in vitro (3, 21, 27). It is
currently believed that resting levels of M-CoA in
rodent muscle are sufficiently high to inhibit excessive
entry of free fatty acids (FFA) into the mitochondria at
rest. During exercise, when the demand for energy
from fat oxidation increases, rat skeletal muscle M-CoA
content decreases during treadmill running and in
response to electrical stimulation (9, 28, 35). This
contraction-induced decrease in M-CoA has been postu-
lated to relieve CPT-I inhibition and allow increased
transport of FFA into the mitochondria for oxidation

(35). To date, however, no direct measurements of fatty
acid oxidation or any aspect of fat metabolism have
been correlated with M-CoA contents in rodent muscle
during exercise. Furthermore, research investigating
M-CoA content in humans is extremely limited.

A recent investigation from our laboratory examining
both rodent and human skeletal muscle (22) reported a
52% reduction in rodent red gastrocnemius M-CoA
content in response to electrical stimulation at 0.7 Hz,
which agrees with previous reports in rodent skeletal
muscle (9). However, the M-CoA content in human
vastus lateralis muscle remained constant during cycle
exercise for 10 min at 40% maximal rate of O2 consump-
tion (V̇O2max) and for 60 min at 65% V̇O2max. This
occurred despite significant increases in fat utilization
from rest to exercise and over time during exercise at
65% V̇O2max (22). On the basis of these results, we
concluded that measured levels of M-CoA in exercising
muscle did not predict fatty acid oxidation rates in human
muscle during low- and moderate-intensity exercise. How-
ever, we suggested that a more detailed time course of
the human skeletal muscle M-CoA response to exercise
was required.

Saddik et al. (26) reported that heart muscle M-CoA
content increased concomitantly with the carbohydrate
(CHO)-derived acetyl-CoA level. It is well known that
acetyl-CoA accumulates rapidly in human skeletal
muscle at the onset of high-intensity exercise (6, 10). It
is possible that the increase in acetyl-CoA stimulates
the activity of acetyl-CoA carboxylase (ACC), the en-
zyme responsible for M-CoA production, leading to an
increase in M-CoA content (rather than a decrease) at
high power outputs. Previous studies in rodent skeletal
muscle, however, have reported reductions in M-CoA
with contraction, even when CHO availability was
enhanced (11), but M-CoA measurements at different
power outputs have not been conducted.

Due to the importance of exercise intensity in the
determination of intramuscular fuel selection (19, 30),
the purpose of this study was to examine the time
course of M-CoA kinetics early in exercise in human
skeletal muscle at varying power outputs. It was hypoth-
esized that M-CoA would be unaffected at 1 and 10 min
of exercise at 35 and 65% V̇O2max and may increase as a
function of increasing muscle acetyl-CoA levels at 90%
V̇O2max.

METHODS

Subjects

Four males and four females volunteered to participate in
the study. The subjects were not well trained, but all were
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healthy and physically active (age, 22.1 6 0.3 yr; weight,
77.7 6 3.6 kg, V̇O2max, 3.5 6 0.3 l/min). The experimental
procedures, including possible risks and benefits, were ex-
plained to each subject before written consent was obtained.
The study received approval from the Human Ethics Commit-
tees of the University of Guelph and McMaster University.

Experimental Protocol

Before the experiment, all participants underwent a con-
tinuous incremental V̇O2max test on a cycle ergometer. Each
subject also participated in two practice trials on separate
days to confirm the power outputs required to elicit 35, 65,
and 90% V̇O2max and to ensure that all subjects could complete
10 min of cycling at the high power output.

The experimental trials were performed on 2 days, sepa-
rated by 2–3 wk. On each test day, subjects reported to the
laboratory at the same time of day having eaten a meal high
in CHO 2–4 h before the experiment. Daily food records were
kept for 48 h preceding the initial trial, and subjects were
instructed to replicate their consumption before the second
trial. CHO intake represented 60.0 6 4.3% of the total caloric
intake of the pretrial diet, whereas fat and protein comprised
25.0 6 2.4 and 15.0 6 2.0%, respectively.

On one of the test days, exercise consisted of 10 min of
cycling on an electronically braked ergometer (Excalibur;
Quinton Instrument, Seattle, WA) at 35% V̇O2max, followed by
at least 1 h of rest and then 10 min of cycling at 65% V̇O2max.
On the other day, subjects cycled for 10 min at 90% V̇O2max.
Test days were randomly assigned. Before each exercise bout,
one leg was prepared for percutaneous needle biopsy of the
vastus lateralis with three incisions of the skin through to the
deep fascia, under local anesthesia (2% lidocaine without
epinephrine) as described by Bergstrom (2). Biopsy samples
were obtained at rest after at least 30 min of complete rest on
a bed and were immediately frozen in liquid N2. Exercise
biopsy samples were obtained at 1 and 10 min at each power
output. Rate of O2 consumption (V̇O2), CO2 output (V̇CO2), and
the respiratory exchange ratio (RER) were determined using
a metabolic cart (Quinton Q-plex 1; Quinton Instrument). At
35 and 65% V̇O2max, expired gases were collected between 4
and 8 min of exercise, whereas at 90% V̇O2max, gas was
collected between 2–4 and 7–9 min. The rate of fat oxidation
(g/min) was calculated from the V̇CO2 and V̇O2 using the RER
(12).

Muscle Sampling and Analyses

A piece of frozen wet muscle (20–30 mg) was removed
under liquid N2 for the determination of the activity of
pyruvate dehydrogenase (PDH) in its active form (PDHa), as
described previously (7, 24).

The remainder of the muscle samples were freeze-dried,
dissected free of blood and connective tissue, and powdered. A
portion of dry muscle (,5 mg) was extracted in 0.5 M
perchloric acid and 1 mM EDTA, neutralized to pH 7.0 with
2.2 M KHCO3, and analyzed for acetyl-CoA and acetylcarni-
tine (5) as well as phosphocreatine (PCr), creatine, ATP,
glucose, and lactate (1, 16).

M-CoA was extracted from aliquots of dry muscle (,8–14
mg) with ice-cold 0.5 M PCA in the ratio of 10 µl/mg dry
muscle as previously described (22). M-CoA esters were
separated and quantified as described in previous reports (18,
26).

All muscle metabolites were normalized to the highest
total creatine content for a given individual’s biopsies to
correct for nonmuscle contamination. This correction aver-
aged 9.2 6 1.2%.

Statistical Analysis

Data are expressed as means 6 SE. A paired t-test was
used to compare RER data from eight subjects at 35 and 65%
V̇O2max. Due to the large amount of tissue required to measure
M-CoA, missing data points precluded the use of a two-way
(time vs. power output) repeated-measures analysis of vari-
ance (ANOVA). Significant differences between means over
time at each power output were thus determined using a
one-way repeated-measures ANOVA for all metabolites. At
35, 65, and 90% V̇O2max, complete data sets were obtained for
seven, six, and eight subjects, respectively. Tukey post hoc
analysis was used to determine the location of significant
differences. Results were considered significant at P , 0.05.

RESULTS

Respiratory Gas Exchange

During exercise at 35 and 65% V̇O2max, V̇O2 was
1.32 6 0.12 and 2.18 6 0.19 l/min, respectively. At 90%
V̇O2max, V̇O2 drifted from 2.75 6 0.26 (2–4 min) to 3.29 6
0.31 l/min (7–9 min). RER was significantly lower at 35
compared with 65% V̇O2max (0.84 6 0.3 vs. 0.92 6 0.02,
P , 0.001). RER was consistently above 1.0 during
exercise at 90% V̇O2max and therefore did not provide an
accurate representation of substrate use but indicated
a large reliance on CHO.

Muscle Metabolites

PCr, ATP, glucose, and lactate. Muscle ATP remained
unchanged from rest during exercise at 35, 65, and at 1
min at 90% V̇O2max but decreased at 10 min at 90%
V̇O2max (Table 1, P , 0.05). PCr was significantly
reduced in a stepwise manner after 1 min of exercise at
all power outputs (35%, P , 0.006; 65 and 90%, P ,
0.001), and lactate was increased above rest at 1 and 10
min at 65% (P , 0.005) and 90% V̇O2max (P , 0.001).

M-CoA. At rest, muscle M-CoA data were similar
between power outputs (35%, 1.85 6 0.29; 65%, 1.85 6
0.46; 90% V̇O2max, 1.98 6 0.26 µmol/kg dry muscle; Fig.
1). M-CoA was significantly reduced from rest at 1 min
during exercise at 35% V̇O2max but returned to rest level
by 10 min (Fig. 1, P , 0.02). No differences in M-CoA
content occurred during exercise at 65 or 90% V̇O2max.

Acetyl group accumulation. Muscle acetyl-CoA re-
mained constant during exercise at 35% V̇O2max and was

Table 1. Muscle metabolites during cycle exercise
at varying power outputs

Power Output Time ATP PCr Lactate

35% V̇O2max Rest 27.061.4 89.561.5 4.361.2
1 min 24.061.1 80.261.6* 11.866.1
10 min 26.161.7 81.861.0* 3.360.5

65% V̇O2max Rest 28.362.3 87.762.6 2.060.5
1 min 23.261.7 54.462.0* 22.263.6*
10 min 21.062.3 41.364.4* 44.0610.0*

90% V̇O2max Rest 25.261.7 88.762.0 2.0263.5
1 min 24.161.1 42.763.9* 34.564.3*
10 min 19.861.4* 18.261.9*† 104.968.6*†

Values are means 6 SE in mmol/kg dry muscle. PCr, phosphocre-
atine; V̇O2max, maximal rate of O2 consumption. *Significantly differ-
ent from rest at same power output; †significantly different from 1
min at same power output.

E1081HUMAN MALONYL-COA AND EXERCISE POWER OUTPUT



elevated above rest at 10 min at 65% V̇O2max (P , 0.06)
and at 1 and 10 min at 90% V̇O2max (Fig. 2A, P , 0.001).
Acetylcarnitine increased at 10 min during exercise at
all three power outputs (Fig. 2B; 35%, P , 0.002; 65 and
90%, P , 0.001).

PDH activity. Resting PDHa activity was similar
before all exercise trials and increased above rest after
1 min of cycling as a function of power output (Fig. 3,
P , 0.001). PDHa activity did not change from 1 to 10
min at the lower two power outputs but increased at
90% V̇O2max.

DISCUSSION

The primary purpose of this investigation was to
measure M-CoA in human skeletal muscle biopsy
samples at rest and during the onset of exercise at
varying power outputs. At rest, individual M-CoA con-
tents ranged from 0.78 to 3.41 µmol/kg dry muscle, but
mean values were similar across power outputs (Fig. 1).
Generally, M-CoA did not change in response to exer-
cise at the lower two power outputs, although M-CoA
fell significantly at 1 min at 35% V̇O2max and then
returned to rest level by 10 min. M-CoA did not increase
at the high power output despite significant activation
of PDH and accumulations of acetyl-CoA and acetylcar-
nitine.

M-CoA and Intramuscular Fuel Selection

Observed decreases in M-CoA content during exer-
cise have led to the suggestion that it is a regulator of
fat-CHO interaction in rodent skeletal muscle at rest
and during exercise (20, 28, 35). It has also been
postulated to play the same role in contracting human
skeletal muscle, although M-CoA was not measured in
these investigations (17, 32). Two of the main regula-
tory enzymes responsible for substrate choice for oxida-
tion are PDH and CPT-I, which control the entry of
CHO and FFA into the mitochondria, respectively.
M-CoA is a potent inhibitor of CPT-I in vitro (3, 27).
Because the M-CoA content may be influenced by

acetyl-CoA, which is an end product of the PDH reac-
tion and a substrate for M-CoA formation, alterations
in M-CoA content could provide a mechanism to control
the balance between CHO and fat oxidation.

It has long been established that exercise intensity is
an important factor responsible for determining the
amount of fat or CHO utilization during exercise (19,
30). A recent study (25) with well-trained, fasted cy-
clists demonstrated that at low power outputs (25%
V̇O2max), 90% of the energy expenditure was derived
from fat. At 65% V̇O2max, fat oxidation fell to 50% of total
energy expenditure, but absolute fat oxidation rates
were greater than at 25% V̇O2max, since energy demand
also increased. Finally, at high power outputs (.85%
V̇O2max), both the absolute and relative contribution of
fat decreased (25). Less information is available regard-
ing intramuscular fuel selection in untrained, fed sub-
jects, although a greater reliance on CHO would be
expected at exercise intensities above 50% V̇O2max (30).

During low to moderate submaximal exercise, when
fat provides a significant proportion of the fuel required

Fig. 1. Muscle malonyl-CoA content in human skeletal muscle at rest
and during exercise at varying power outputs. Values are means 6
SE. *Significantly different from rest and 10 min at same power
output. dm, Dry muscle.

Fig. 2. Muscle acetyl-CoA (A) and acetylcarnitine (acetylcarn; B)
content at rest and during exercise at varying power outputs. Values
are means 6 SE. *Significantly different from rest at same power
output; #significantly different from 1 min.
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for contraction, a reduction in M-CoA may relieve
inhibition at CPT-I and allow more FFA transport into
the mitochondria for oxidation. During high-intensity
exercise (i.e., 85% V̇O2max or greater), when the contribu-
tion from fat to total energy supply is reduced, high
PDHa activity leads to CHO-derived accumulations of
acetyl-CoA and acetylcarnitine. If a portion of this
acetyl-CoA accumulation occurs in the cytoplasm and
stimulates ACC to produce M-CoA, then M-CoA-
induced inhibition of CPT-I may contribute to the
reduced FFA oxidation during high-intensity exercise.

In the present study, the RER data suggested that
exercise at 35 and 65% V̇O2max was associated with a
large energy contribution from fat oxidation. On the
basis of previous measurements with rodent skeletal
muscle, it was expected that M-CoA content would
decrease at these workloads. However, our previous
work with M-CoA after 10 min of exercise suggested
that a decrease in M-CoA was not involved in the
increase in FFA transport and oxidation. In the present
study, M-CoA fell significantly only at 1 min at 35%
V̇O2max and then returned to preexercise level by 10
min. At 65% V̇O2max, M-CoA remained unchanged
throughout exercise. The calculated fat oxidation rates
were 0.24 6 0.04 g/min at 35% and 0.18 6 0.03 g/min at
65% V̇O2max despite similar M-CoA contents. At 90%
V̇O2max, a level at which fat contributed less energy,
M-CoA also remained constant.

The early decline in M-CoA at 35% V̇O2max may be
explained by fiber-type recruitment. In rodent skeletal
muscle, M-CoA content was reported to vary among
different fiber types and to correlate with mitochondrial
content of muscle fibers (36). In resting rats, M-CoA
concentration in the white region of the quadriceps
(fast glycolytic) was only 28% of the deep red quadri-
ceps content (slow oxidative). Furthermore, during
treadmill running at 21 m/min up a 15% grade, the
most rapid decrease in rodent muscle M-CoA occurred

in the red quadriceps, whereas the slowest decrease
occurred in white quadriceps (36). Although regions of
rat skeletal muscle are homogeneous with respect to
fiber type, human skeletal muscle is heterogeneous.
Human vastus lateralis muscle is composed of ,50%
type I, 40% type IIa, and 10% type IIb fibers (31). The
M-CoA content within specific human fiber types is not
known, but the contents of many metabolites in human
type I and II fibers are similar (8, 13, 33). However, if
there were specific recruitment of mainly type I fibers
during exercise at 35% V̇O2max, a decrease in the M-CoA
content of ,67% in these fibers would be required to
account for the early ,33% decrease in total muscle
M-CoA at this power output.

Fiber-type recruitment cannot, however, explain the
return of M-CoA to resting levels by 10 min of exercise
at 35% V̇O2max. It is possible that the early decline at
35% ‘‘primes’’ the fatty acid oxidation machinery at the
onset of exercise and that the mechanism responsible
for the early decline at 35% V̇O2max is overridden by
other regulators over time and at higher power outputs.
In addition, there is the possibility that the M-CoA-
induced inhibition of CPT-I is maximal at rest, such
that further increases are not necessary during high-
intensity exercise.

M-CoA Interaction With CPT-I

M-CoA content did not correlate with fat utilization
during exercise at varying power outputs, but the
possibility of M-CoA-induced inhibition of CPT-I and
subsequent regulation of fatty acid oxidation cannot be
dismissed. M-CoA-induced inhibition of CPT-I may be
reduced independent of a change in M-CoA, as other
factors could account for the reduction in inhibition.
Certainly, pH is known to affect the sensitivity of CPT-I
to inhibition by M-CoA. At pH 6.8, rodent muscle CPT-I
has been shown to bind M-CoA more efficiently and to
have a lower IC50 for M-CoA (concentration of M-CoA
required for 50% inhibition of CPT-I activity), a higher
Michaelis constant (Km) for carnitine, and a lower
maximal velocity than at higher pH (21). If human
muscle CPT-I is also sensitive to pH, this may help
explain why M-CoA did not change at the higher power
outputs, at a time when fatty acid utilization was
reduced. Certainly the M-CoA-CPT-I interaction in
skeletal muscle is complex, as in vitro experiments
predict that CPT-I activity should be fully inhibited at
resting and exercise M-CoA concentrations (3, 27), and
this is not the case in vivo.

At present, very little is known regarding the regula-
tory properties of the muscle isoform of CPT-I, particu-
larly in humans. Both acetyl-CoA and free CoA were
reported to antagonize the inhibitory effect of M-CoA on
total CPT activity in human skeletal muscle homoge-
nates by increasing the inhibitory constant (Ki) for
M-CoA (39). It should be noted, however, that, despite
increasing the Ki for M-CoA, addition of both acetyl-
CoA and free CoA acted in a synergistic manner with
M-CoA to increase (not decrease) inhibition of total
CPT activity. Results from this study are difficult to
interpret, however, since total CPT activity (i.e., CPT-I

Fig. 3. Activity of muscle puruvate dehydrogenase in its active form
(PDHa) at rest and during exercise at varying power outputs. Values
are means 6 SE. *Significantly different from rest at same power
output; #significantly different from 1 min.
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and CPT-II) was measured rather than CPT-I activity
alone (39). Further in vitro experimentation is required
to determine the human CPT-I response to physiologi-
cal concentrations of various CoA esters. Specifically,
inhibitor studies of human muscle CPT-I are needed to
determine whether M-CoA binds directly at the cata-
lytic site or at a separate regulatory site.

Regulation of Muscle ACC Activity

Tissue levels of M-CoA will be dependent upon the
activity of ACC and the rate of M-CoA degradation.
Tissue-specific isoforms of ACC have been identified,
and human and rat skeletal muscle appear to contain a
unique 272- to 275-kDa isoform (ACC-b; see Refs. 34
and 38). Unlike the liver isoform (ACC-a), which is well
characterized and undergoes complex allosteric regula-
tion and hormone-induced enzyme phosphorylation
(15), little is known concerning the regulatory proper-
ties of ACC-b. It was recently hypothesized that ACC-b
may be anchored to the outer mitochondrial membrane
(14). This binding of ACC-b was suggested to control
CPT-I activity by generating M-CoA at or near the
M-CoA-binding site of CPT-I, potentially increasing the
local concentration as much as 1,000-fold (14). At
present, no direct evidence is available to determine
the existence or the extent of tissue-specific differences
in CPT-I.

In vitro investigations have reported ACC-b to have a
higher Km for acetyl-CoA than ACC-a (4), and research
in perfused working heart muscle has suggested that
muscle ACC-b may be substrate regulated (26). In the
present study, M-CoA did not increase above resting
level in any subject, at any time point or power output,
despite concomitant increases in acetyl-CoA and acetyl-
carnitine at 65 and 90% V̇O2max. This result suggests
that M-CoA production in human skeletal muscle dur-
ing moderate- to high-intensity exercise is not regu-
lated by acetyl-CoA content.

Unfortunately, measurements of acetyl-CoA and ace-
tylcarnitine in biopsy samples are made on total tissue
content, making it difficult to determine what propor-
tion of the measured acetyl groups are mitochondrial or
cytosolic. Clearly, in order to affect ACC, some acetyl-
CoA must be in the cytoplasm. It is likely that cytoplas-
mic acetyl-CoA content increases to some extent during
exercise, as the large increases in acetylcarnitine are
believed to be primarily cytosolic.

Recent studies of rodent soleus muscle incubated at
rest with glucose and insulin reported increased M-CoA
formation modulated by changes in the cytosolic concen-
tration of citrate rather than by stable increases in
ACC-b activity (29). In contrast, it was suggested that
ACC-b activity was reduced after 5 and 30 min of
treadmill exercise, despite a significant increase in
muscle citrate (37). In the present study, citrate was not
determined, but previous studies with similar protocols
have established that significant increases in citrate
occur during exercise in humans (10, 23). It is possible
that 1) significant increases in muscle citrate (and
acetyl-CoA) offset a potential contraction-induced de-
crease in ACC-b activity, and 2) ACC-b may be regu-

lated by fuel supply at rest, but this control mechanism
is overridden during exercise. Saha et al. (28) suggested
that fuel supply and contraction-induced alterations in
M-CoA were regulated by different systems in isolated
rodent muscle.

In summary, human skeletal muscle M-CoA content
remained remarkably constant during exercise at vary-
ing power outputs. Regardless of the mechanism(s)
regulating M-CoAformation and/or degradation, M-CoA
content was not correlated with fatty acid oxidation
rate. Therefore, if M-CoA is involved in CPT-I regula-
tion during exercise at 35 and 65% V̇O2max, it is not
primarily due to decreases in its concentration. Con-
versly, M-CoA content did not increase during exercise
at 90% V̇O2max and therefore did not contribute to the
lower rate of fat oxidation at this power output. In
conclusion, other factors may be present during exer-
cise that interact with M-CoA and CPT-I and override
its inhibitory effects on CPT-I activity.
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