Long- and Medium-Chain Fatty Acid Oxidation Is Increased in
Exercise-Trained Human Skeletal Muscle
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The purpose of this study was to test the hypothesis that skeletal muscle fatty acid oxidation is enhanced by increased entry
into the mitochondria with exercise training. Muscle was obtained from young (~ 24 years) sedentary (n = 13) and
endurance-trained (n = 10) volunteers and oxidation studied by measuring '*CO, production from labeled medium-chain
(MCFA) or long-chain (LCFA) fatty acids in muscle homogenate preparations. LCFA (palmitate) oxidation was (P < .05)
approximately 34% higher in the trained than sedentary subjects (26.9 = 3.0 v 17.8 = 1.3 nmol CO,/g - h). MCFA (octanoate)
oxidation was also about 26% higher (P < .05) in the trained subjects (21.7 = 2.1 v16.1 = 2.0 nmol CO,/g - h). To examine the
roles of carnitine-mediated transport and mitochondrial content, we also measured carnitine palmitoyltransferase | (CPT1),
carnitine octanoyl transferase (COT), and citrate synthase (CS) activities. CPT1 and CS activity were significantly (P < .05)
higher (~25%) in the endurance-trained subjects; there was no difference in COT activity. These data suggest that adaptations
at the level of CPT1 and processes distal to this step may contribute to increases in LCFA or MFCA oxidation with exercise
training. In contrast, carnitine-mediated transport (COT) does not appear to contribute to an enhancement in MCFA oxidation

with exercise training.
Copyright 2002, Elsevier Science (USA). All rights reserved.

NDURANCE TRAINING increases muscle lipid oxida-
tion during submaximal exercise!-; an increase in resting
lipid oxidation has also been reported in some studies.>® A
variety of processes, such as lipolysis and lipid delivery, lipid
transport across vascular, sarcollemal, and mitochondrial mem-
branes, transport within the cell, and cellular oxidation within
the mitochondria, could contribute to this enhancement in fat
disposal.!* In an effort to determine how exercise training
enhances lipid oxidation, Sidossis et al” compared whole-body
oleate and octanoate oxidation in endurance-trained versus
sedentary subjects during submaximal exercise. Medium-chain
fatty acids (MCFA) such as octanoate are assumed to traverse
cell and organelle membranes through non—carrier-mediated
means, while long-chain fatty acids (LCFA; ie, oleate, palmi-
tate) must utilize a carnitine-acylcarnitine exchange system for
mitochondrial entry.!-+8-10 These investigators’ reported that
oleate oxidation was higher in the endurance-trained group
while octanoate oxidation did not differ and concluded that
fatty acid oxidation was enhanced with exercise training, pri-
marily via increased fatty acid entry into skeletal muscle mi-
tochondria.

The purpose of the present study was to test the hypothesis
that fatty acid oxidation is enhanced by increased fatty acid
entry into the mitochondria with exercise training. Recent stud-
ies have documented the existence of fatty acid transporters and
binding proteins that are involved in substrate translocation
across the sarcolemmal and within the muscle cell.*!!-'2 To
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minimize these and other factors linked with lipid delivery we
compared the oxidation of LCFA (palmitate) and MCFA (oc-
tanoate) in skeletal muscle homogenates from sedentary and
endurance-trained subjects. We also measured carnitine palmi-
toyltransferase I (CPT1), carnitine octanoyl transferase (COT),
and citrate synthase (CS) activities, in an effort to provide
explanations for any observed differences in fatty acid oxida-
tion with endurance training.

METHODS
Experimental Design and Subjects

Skeletal muscle from 13 sedentary (6 men, 7 women) and 10
exercise-trained (7 men, 3 women) volunteers were compared. Men
and women were studied as there are no gender difference in CPT1 or
other mitochondrial enzymes linked with lipid oxidation in human
skeletal muscle.'® The trained subjects were endurance runners who
were training greater than 40 km/wk. Subjects were screened for
metabolic abnormalities or medications that could affect lipid oxidation
with a health history questionnaire. No subjects were smokers. Seden-
tary individuals had not participated in a regular exercise program in
the previous 12 months. Subjects provided informed consent prior to
participation and procedures were approved by the institutional review
board.

Skeletal muscle (50 to 100 mg) was obtained from the vastus
lateralis with the percutaneous needle biopsy technique.'* Subjects
were studied between 7 to 8 AM after a 12-hour, overnight fast
(postabsorptive). They were instructed to consume their usual diet and
perform normal daily activities for at least 3 days prior to the biopsy.
The trained volunteers were studied 18 to 24 hours after their last
exercise session. The trained subjects exercised virtually every day and
testing was designed to represent their normal metabolic status. Body
mass and height were obtained on the morning of the biopsy to the
nearest 0.1 kg and 1.0 cm. Maximal oxygen consumption (VO,max)
was determined with an incremental treadmill test to voluntary exhaus-
tion at least 4 days prior to muscle sampling. Body composition was
obtained with the 7-site skinfold method.!>-1¢

Biochemical Methods

These procedures have been used previously in this laboratory.!4-17
Briefly, fresh muscle was immediately placed into ice-cold medium
containing 250 mmol/L sucrose, 1 mmol/L EDTA, and 10 mmol/L
Tris-HC1 (pH 7.4) (SETH). Muscle was then dried on blotting paper,
weighed, and minced thoroughly with scissors in 19 uL of SETH

Metabolism, Vol 51, No 4 (April), 2002: pp 460-464



FATTY ACID OXIDATION AND ENDURANCE TRAINING

medium per mg muscle. The mixture was homogenized in a glass
homogenization tube with a motor-driven plastic pestle. This method
has been found to provide intact mitochondria for metabolic stud-
ies.l7,18

Muscle fatty acid oxidation rate was determined in the fresh muscle
homogenate using a modification of the method of Dohm et al.'+!7 The
oxidation rates of palmitate and octanoate were measured by collecting
and counting the '*CO, produced during incubation in a separate
homogenate mixture for each fatty acid. A 40-uL quantity of a 20-fold
diluted muscle homogenate!*!7 was preincubated with 95% 0O,-5%
CO, mixture at 30°C for 15 minutes. A 160-uL reaction mixture (pH
7.4) was then added to the preincubated muscle homogenate. Final
concentrations of the incubation mixture were in millimoles per liter:
sucrose, 100; Tris-HCI, 10; potassium phosphate, 5; potassium chlo-
ride, 80; magnesium chloride, 1; L-carnitine, 2; malate, 0.1; adenosine
triphosphate (ATP), 2; coenzyme A, 0.05; dithiothreitol, 1; EDTA, 0.2;
and bovine serum albumin (BSA), 0.5%. The substrates used were
either 0.2 mmol/L palmitate-1-'*C (0.5 wCi) or 0.2mmol/L octanoate-
1-'*C (0.5 uCi) with 0.5% BSA. After 60 minutes of incubation at
30°C, 100 °L of 4N sulfuric acid was injected to stop the reaction. CO,
produced during the 60-minute incubation was trapped with 200 pL of
2-mol/L sodium hydroxide. Briefly, the incubation wells and '“CO,
trap consisted of modified 48-well microtiter plate (Costar, Cambridge,
MA). Each system consisted of 2 adjacent wells with a fabricated grove
between each to allow the acid driven '“CO, from the homogenate to
be trapped by the sodium hydroxide. Adjoining well pairs were sealed
from each other by a rubber gasket. A 150-uL quantity of the sodium
hydroxide trap was counted for evolved *CO, by liquid scintillation
and oxidation rate expressed as nmol CO,/g - h wet weight. This
methodology'®!7 does not account for acid-soluble metabolites, which
may result in an underestimation of absolute fatty acid oxidation rates.

Muscle CPT1 activity was measured using modification of the meth-
ods of McGarry et al'® and Zierz and Engel.?° This method measures
the rate of formation of palmitoylcarnitine from palmitoyl-CoA and
carnitine. Ten microliters of a 20-fold diluted muscle homogenate was
preincubated for 20 minutes at 30°C in a microcentrifuge tube. Reac-
tions were initiated when 90 wL reaction mixture was added to prein-
cubated muscle homogenate at 30°C for 10 minutes. The incubation
mixture (pH 7.4) contained 117 mmol/L. Tris-HCI, 0.28 mmol/L re-
duced glutathione, 4.4 mmol/L. ATP, 4.4 mmol/L. MgCl,, 16.7 mmol/L
KCl, 2.2 mmol/L. KCN, 40 mg/L rotenone, 0.1% BSA, and 50 wmol/L
palmitoyl-CoA. The substrate was 0.2 mmol/L *H-carnitine (0.5 wCi).
The reaction was terminated with 60 uL 1.2-mmol/L ice-cold HCL. The
formed *H-palmitoylcarnitine was extracted with water-saturated bu-
tanol and counted by liquid scintillation. Carnitine octanoyl transferase
(COT) activity was assayed using the same methodology as CPTI,
except that 50 wmol/L octanoyl-CoA was substituted for palmitoyl-
CoA 2! Muscle CS activity was determined spectrophotometrically
from the homogenate using the method of Srere.?? Muscle protein
content was determined using the bicinchoninic acid (BCA) method
(Pierce, product 23225, Rockford, IL).

Exercise Testing

Maximal oxygen consumption was determined during an incremen-
tal treadmill test to voluntary exhaustion. Initial speed was 10 km - h™!
and increased by 1.6 km - hr'' every 3 minutes to a speed of 12.8
(sedentary) or 14.4 km - h! (exercise-trained). Treadmill grade then
increased by 2% every 2 minutes until voluntary exhaustion was
achieved. Heart rate (12-lead electrocardiogram) and expired gases
(Sensor Medics 2900, Yorba Linda, CA) were monitored continuously.
Criteria for a maximal test were attainment of at least 2 of the follow-
ing: (1) voluntary exhaustion; (2) a respiratory exchange ratio greater
than 1.1; (3) a plateau in oxygen consumption despite an increase in
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Table 1. Subject Characteristics (mean = SD)

Variable Sedentary Exercise-Trained

Age (yr) 23.4+1.0 254+ 1.4
Height (cm) 169.3 £ 2.7 1742 £ 0.9
Body mass (kg) 72.0 + 3.3 75.7 £ 2.9
Body mass index (kg/m?) 252+ 1.2 249 +0.9
Body fat (%) 20.0 = 1.7 13.2 = 1.65%
Maximal oxygen consumption

L-min~’ 2.7+03 3.9 £ 0.2*

mL - kg™ - min~’ 35.9 + 4.0 52.7 + 2.4*

*P = .01 v sedentary.

workload; and/or (4) attainment of at least 85% of age-predicted
maximal heart rate.

Statistics

Descriptive data, muscle lipid oxidation, and muscle enzymes in the
sedentary and exercise-trained groups were compared with factorial
analysis of variance (ANOVA). Data were also combined and exam-
ined with Pearson product correlations. Statistical significance was
denoted at P < .05.

RESULTS
Subjects

Subject characteristics are presented in Table 1. The exer-
cise-trained group was leaner (body fat percentage) and pos-
sessed a higher maximal oxygen consumption than the seden-
tary group. There were no differences in body mass, stature, or
age between the sedentary and exercise-trained groups.

Muscle Lipid Oxidation and Enzymes

Muscle lipid oxidation was elevated in the vastus lateralis of
the exercise-trained versus the sedentary group. As presented in
Fig 1, palmitate oxidation was significantly (P < .005) higher,
by approximately 34%, in the trained versus sedentary individ-
uals (17.8 = 1.3 v 26.9 = 3.0 nmol CO,/g - h, for sedentary v
trained, respectively). Octanoate oxidation was also elevated
(P < .05) in the trained subjects, by approximately 26%
(16.1 £2.0v21.7 = 2.1 nmol CO,/g - h). There was a positive
relationship between palmitate and octanoate oxidation (r =
0.66, P < .001).

As presented in Fig 2, with exercise training there were
increases in the activities of 2 enzymes involved with lipid
oxidation in skeletal muscle. Protein content for the assays did
not differ between groups (54.2 * 3.5 v 48.3 = 3.4 mg/g for
sedentary v exercise-trained, respectively). CPT1 activity was
elevated (P < .05) by approximately 20% in the trained sub-
jects (29.4 = 2.0 v 36.9 = 3.7 nmol/g *+ min). CS activity was
also elevated (P < .05) by about 30% in the trained subjects
(53.1 = 7.5v76.5 = 7.8 wmol/g - h). Palmitate oxidation was
significantly and positively related to CPT1 activity (r = 0.62,
P < .005) and CS activity (r = 0.43, P < .05) (Fig 3).
Palmitate oxidation relative to mitochondrial content (palmitate
oxidation/CS activity) was not different between groups (0.5 =
0.1 v 0.4 = 0.1 arbitrary units for sedentary v trained, respec-
tively). Octanoate oxidation also did not differ between the
sedentary and trained groups when expressed relative to CS
activity (0.3 = 0.1 v 0.3 = 0.1). CPT1 activity expressed
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Fig 1. Oxidation of "*C-labeled (A) palmitate and (B) octanoate in
skeletal muscle homogenates from sedentary (n = 13) and exercise-
trained (n = 10) subjects. *Significantly (P < .05) different between
sedentary and exercise-trained.

relative to mitochondrial content (CPT1/CS activity) was not
different (P = .23) between groups (0.7 = 0.1 v 0.5 = 0.1
arbitrary units for sedentary v trained, respectively). Octanoate
oxidation was significantly and positively related to CS activity
(r = 0.54, P < .001) (Fig 3). There was no significant differ-
ence in COT activity (43.8 = 3.9 v 48.7 = 3.3 nmol/g - h for
sedentary v trained, respectively) between the groups (Fig 2).
There was no relationship for octanoate oxidation with COT
activity.

Relationships Between Muscle Lipid Oxidation and
Cardiovascular Fitness

Maximal oxygen consumption (mL * kg™' - min™") was pos-
itively related to muscle lipid oxidation (palmitate, r = 0.62, P
< .001; octanoate, r = 0.56, P < .005) and CPT1 activity (r =
0.58, P < .005). Relationships were also evident for absolute
(L - min"") maximal oxygen consumption with palmitate oxi-
dation (r = 0.61, P < .01), octanoate oxidation (r = 0.58, P <
.01), and CPT1 activity (r = 0.54, P < .01). CS activity was
positively related to both relative (r = 0.56, P < .01) and
absolute (r = 0.61, P < .01) maximal oxygen consumption.

DISCUSSION

The main finding of the current study was that both LCFA
(palmitate) and MCFA (octanoate) oxidation were enhanced in
skeletal muscle homogenates from endurance-trained com-
pared to sedentary subjects (Fig 1). If some basic assumptions
are accepted, these data may provide insight into possible
mechanisms that contribute to the increase in fat oxidation in
skeletal muscle with exercise training. Octanoate has been
demonstrated to freely traverse the inner mitochondrial mem-
brane prior to entering subsequent catabolic pathways.8-10
Palmitate oxidation is, however, at least partially dependent on
mitochondrial uptake at the level of the mitochondrial mem-
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branes.?-'° Our observed increases in both LCFA and MCFA
oxidation (Fig 1) suggest that adaptations involving entry into
the mitochondria in conjunction with other downstream pro-
cesses promote enhanced fatty acid oxidation in skeletal muscle
with exercise training. This information is important, as there
are limited data detailing the cellular adaptations in fat oxida-
tion that occur with endurance training, specifically in human
skeletal muscle.’-13:22-24 Tt should be mentioned, however, that
the cross-sectional design of the present study may possibly
reflect genetic, as well as training-induced, differences in mus-
cle metabolism.

Findings concerning the oxidation of MCFA in human skel-
etal muscle with exercise training are controversial. With an
increase in mitochondrial content after training (Fig 2),'3-24 it
seems logical to hypothesize that lipid catabolism could func-
tion at an increased rate and increase MCFA oxidation.!-24:25
Our report of an increase in octanoate oxidation (Fig 1) is thus
not surprising. However, these data are not in agreement with
other findings. Sidossis et al” reported enhanced LCFA, but
similar MCFA oxidation in endurance-trained and sedentary
subjects when infusing labeled substrates. One interpretation of
our findings and those of Sidossis et al” is that some factor(s)
may limit MCFA delivery to skeletal muscle mitochondria in
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Fig 2. (A) Carnitine palmitoyl transferase (CPT1), (B) citrate syn-
thase, and (C) carnitine octanoyl transferase activities in sedentary
(n = 13) and exercise-trained (n = 10) subjects. *Significantly (P <
.05) different between sedentary and exercise-trained.
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Fig 3. Relationship of muscle palmitate oxidation with (A) CPT1
and (B) citrate synthase activities and (C) the relationship of octano-
ate oxidation with citrate synthase activity in skeletal muscle from
exercise-trained (n = 10, O) and sedentary (n = 13, @) subjects.

vivo.3* If this premise is correct, it may explain why a similar
whole-body, MCFA oxidation rate has been reported in seden-
tary versus trained individuals,” despite the increased mito-
chondrial capacity for fatty acid oxidation in endurance-trained
individuals we observed (Fig 1). It is important to consider that
the present study was designed to test the hypothesis that the
increase in muscle fatty acid oxidation with endurance training
is attributable to increased fatty acid entry into the mitochon-
dria. In our homogenate system we therefore eliminated factors
linked with lipid transport across and within the cell by dis-
rupting the sarcolemma. Our data suggest that the muscle
mitochondria of endurance-trained individuals are capable of
oxidizing both LCFA and MCFA at an elevated rate. However,
other regulatory factors may regulate fat oxidation in vivo,
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explaining differences in the present in vitro versus other
whole-body studies.”

A regulatory step in the oxidation of fatty acids is the transfer
of nonpermeable, LCFA across mitochondrial membranes.
This process is regulated by CPT1.38-10 CPT1 activity was
enhanced with training in the present study (Fig 2), in agree-
ment with others.!3-23.24 However, the increase in both palmi-
tate and octanoate oxidation in the trained subjects indicates
that events downstream of mitochondrial transport may also
contribute to the increase in fat oxidation.

To provide a possible explanation for post-CPT1 events, we
measured CS activity. CS activity is in direct proportion to
muscle mitochondrial content?>-2¢ and was significantly ele-
vated in the vastus lateralis of the trained subjects (Fig 2).
When palmitate and octanoate oxidation and CPT1 activity
were expressed relative to CS activity, there were no differ-
ences between the control and trained groups (see Results).
These findings support the data of Berthon et al,!3 suggesting
that the higher CPT1 activity in trained subjects is a result of
increased mitochondrial content.

Other factors, however, can affect CPT1 activity. Malonyl-
CoA can inhibit CPT1 and decrease fatty acid oxidation.!®-?7
Reduced malonyl-CoA concentrations are evident in the skel-
etal muscle of rodents during exercise, which may explain the
accompanying increase in fat oxidation.?8-3% Although there is
increased sensitivity of CPT1 to malonyl-CoA in trained indi-
viduals,?* to our knowledge there is no information on malonyl-
CoA concentrations in endurance-trained human skeletal mus-
cle at rest. In addition, the response of malonyl-CoA to exercise
in human skeletal muscle is controversial as no change3!-3? or
a decrease3? has been reported. In our muscle homogenate
system, it cannot be determined if malonyl-CoA concentration
differed between the trained and untrained groups.

As a possible explanation for increased octanoate oxidation
in trained subjects, we measured COT activity as some data
suggest that octanoate is transported into the mitochondria by a
carnitine-dependent step.?!-34-3¢ COT activity did not differ
between control and trained subjects (Fig 2), nor was there a
relationship between COT and octanoate oxidation (see Re-
sults). It is not evident why COT activity did not increase in
conjunction with other mitochondrial enzymes with the training
stimulus. It is possible that the muscle sampled (vastus latera-
lis) did not reflect the training adaptations induced by distance
running to a similar degree as perhaps another muscle group
such as the gastrocenmius; however, the vastus lateralis has
been the muscle group sampled in other studies of fat oxidation
and exercise training.'3>* Regardless, these data imply that it is
unlikely that a carnitine-dependent transport system specific to
octanoate is enhanced with exercise training in human skeletal
muscle; no other studies, to our knowledge, have determined if
COT is altered with endurance training in humans.

In summary, the main finding of the present study was that
the oxidation of both LCFA (palmitate) and MCFA (octanoate)
were elevated in the skeletal muscle of endurance-trained sub-
jects compared to their sedentary counterparts. When the as-
sumed properties of LCFA and MCFA are considered, these
data suggest that adaptations at the level of transport into the
mitochondria and processes distal to this step, such as intracel-
lular oxidation, can contribute to the increase in muscle lipid
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oxidation with exercise training. In support of this hypothesis,
muscle CPT1 activity was higher in endurance-trained subjects,
as was CS activity. In contrast, carnitine-mediated transport
does not appear to contribute to the enhancement in MCFA
with exercise training. Our in vitro findings of an increase in
MCFA oxidation are not in agreement with other in vivo data,”

JONG-YEON ET AL

which suggests that several mechanisms may control whole-
body lipid oxidation.
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