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Van Proeyen K, Szlufcik K, Nielens H, Deldicque L, Van Dyck
R, Ramaekers M, Hespel P. High-fat diet overrules the effects of
training on fiber-specific intramyocellular lipid utilization during
exercise. J Appl Physiol 111: 108–116, 2011. First published May 5,
2011; doi:10.1152/japplphysiol.01459.2010.—In this study, we com-
pared the effects of endurance training in the fasted state (F) vs. the
fed state [ample carbohydrate intake (CHO)] on exercise-induced
intramyocellular lipid (IMCL) and glycogen utilization during a 6-wk
period of a hypercaloric (��30% kcal/day) fat-rich diet (HFD; 50%
of kcal). Healthy male volunteers (18–25 yrs) received a HFD in
conjunction with endurance training (four times, 60–90 min/wk)
either in F (n � 10) or with CHO before and during exercise sessions
(n � 10). The control group (n � 7) received a HFD without training
and increased body weight by �3 kg (P � 0.001). Before and after a
HFD, the subjects performed a 2-h constant-load bicycle exercise test
in F at �70% maximal oxygen uptake rate. A HFD, both in the
absence (F) or presence (CHO) of training, elevated basal IMCL
content by �50% in type I and by �75% in type IIa fibers (P � 0.05).
Independent of training in F or CHO, a HFD, as such, stimulated
exercise-induced net IMCL breakdown by approximately twofold in
type I and by approximately fourfold in type IIa fibers. Furthermore,
exercise-induced net muscle glycogen breakdown was not signifi-
cantly affected by a HFD. It is concluded that a HFD stimulates net
IMCL degradation by increasing basal IMCL content during exercise
in type I and especially IIa fibers. Furthermore, a hypercaloric HFD
provides adequate amounts of carbohydrates to maintain high muscle
glycogen content during training and does not impair exercise-in-
duced muscle glycogen breakdown.

skeletal muscle; fasted exercise; fat-rich feeding; energy substrate
metabolism; muscle lipids

IT IS WELL ESTABLISHED THAT dietary factors play an important
role in modulating the acute and chronic metabolic responses
to endurance exercise (30). In this regard, increased pre-
exercise dietary fat supply stimulates energy provision via fat
oxidation during exercise (8, 33). By analogy, fatty acid
infusion elevates the input of free fatty acids (FFAs) in the
energy substrate mix fueling muscle contractions (22, 48a, 49).
Furthermore, chronic exposure to a high-fat diet (HFD) also
enhances the use of FFAs in endurance exercise (8, 9, 25, 29,
32–34, 58). This is, at least partly, due to upregulation of
rate-limiting steps in fat metabolic pathways. Thus FFA oxi-
dation can be stimulated with appropriate chronic exercise
and/or nutrition (e.g., HFD), which upregulates pivotal steps in
FFA catabolism such as fatty acid translocase (FAT)/CD36 (4,
9), �-hydroxyacyl CoA dehydrogenase (�-HAD) (9, 31), and

hormone-sensitive lipase (HSL) (58). However, it is still un-
clear whether these adaptations are specifically due to the
increased FFA supply per se or result from decreased glucose
availability. Omission of glucose ingestion during exercise also
stimulates FFA oxidation rate and upregulates genes involved
in fat metabolism such as carnitine palmitoyltransferase I and
FAT/CD36 (13, 14).

Fasting is a specific nutritional condition for stimulating
FFA supply, relative to carbohydrate supply, to muscles during
exercise. The elevated plasma adrenaline-to-insulin ratio, due
to fasting, increases circulating FFA concentration via stimu-
lation of peripheral lipolysis (3, 19, 23). At the same time,
reduced liver glycogen content impairs glucoregulation (15,
16), which suppresses the input of blood-borne glucose in
energy turnover. Thus during exercise in the fasted state (F),
the rate of fat oxidation for a given submaximal exercise
intensity is significantly increased (6, 19). This is at least partly
due to enhanced degradation of intramyocellular lipids (IMCL)
in type I muscle fibers (19). We also demonstrated that con-
sistent training in F can increase membrane-bound fatty acid-
binding protein and FAT/CD36 protein content in muscles
more than an identical training program with ample carbohy-
drate intake (CHO) during the training sessions (16a). Further-
more, the fasting endurance-training program also stimulated
net IMCL degradation in type IIa muscle fibers during exercise
(64). It is reasonable to conclude that exercising with low-
carbohydrate availability is an effective strategy to promote fat
oxidation rate by enhanced IMCL breakdown in endurance
exercise (37, 64, 70). This conclusion is supported by studies
showing increased �-HAD activity as well as protein content
or elevated activity of citrate synthase and succinate dehydro-
genase following training in a carbohydrate-depleted state (26,
37, 48, 64, 70).

Another classical nutritional intervention to stimulate energy
turnover via fat oxidation is the administration of a HFD,
which increases energy provision via fat oxidation both at rest
and during exercise (32, 38, 43, 51). However, previous studies
have consistently used isocaloric fat-rich diets when investi-
gating the effects of a HFD on exercise metabolism (8, 9, 25,
29, 32–34, 38, 43, 58). Such strategy implies that increased
dietary fat intake is compensated by reduced energy intake in
the form of carbohydrates. Inadequate carbohydrate intake
between training sessions often results in muscle glycogen
depletion (56), which can also alter the metabolic responses to
training, independent of increased dietary fat intake (26, 37, 48,
70). Therefore, metabolic adaptations elicited by a hypercaloric
HFD, while maintaining adequate carbohydrate supply, may be
different from the aforementioned effects of isocaloric HFDs.
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Muscle glycogen is the primary energy substrate in high-
intensity endurance exercise. In fact, success in endurance
competitions often depends on the capacity for high-rate ATP
production via glycogen breakdown in the decisive episodes of
the competition, such as the pace accelerations when approach-
ing the finish line. However, a number of studies have clearly
indicated that the consumption of a HFD impairs the capacity
for energy production via glycogen breakdown, even when
muscle glycogen stores are ample (32, 33a, 58). Such adapta-
tion is detrimental to endurance exercise performance. We
have previously demonstrated that net muscle glycogen break-
down during exercise in F is enhanced compared with exercise
with exogenous CHO supply before and during exercise (17).
Hence, it is tempting to speculate that fasting exercise may be
an effective strategy for stimulating energy provision via fat
oxidation, while maintaining the intact potential for glycogen-
olytic ATP production.

Against the above background, the primary aim of the
current study was to investigate the effects of endurance
training in F vs. training with CHO intake before and during
training sessions on IMCL and glycogen utilization during a
period of a hypercaloric HFD. The data demonstrate that a
HFD stimulates exercise-induced IMCL breakdown in both
type I and IIa fibers. This effect is probably primarily exerted
by increased basal IMCL content and overrules the effects of
training, independent of whether the training is performed in F
or CHO. Finally, a hypercaloric HFD with adequate carbohy-
drate supply does not impair the capacity for energy provision
via glycogen breakdown in endurance exercise.

RESEARCH DESIGN AND METHODS

Subjects

Twenty-eight healthy, young male volunteers (age: 21.2 � 0.3 yr;
body wt: 71.5 � 1.9 kg) participated in the study, which was approved
by the local ethics committee (K.U. Leuven, Belgium) and was in
accordance with The Helsinki Declaration. All subjects were involved
in regular sports and physical activity for �3.5 h/wk (range 2–6 h),
but none of them was specifically endurance trained in either cycling
or running. Subjects were asked not to participate in strenuous
exercise sessions during the period of the study. The control group
(CON) participants were repeatedly instructed not to change their
participation in exercise and physical activities during the study.
Subjects gave their written, informed consent after they were in-
formed of all experimental procedures and risks associated with the
experiments. During the study, one subject from CON dropped out
due to illness, which was unrelated to the study protocol.

Study Protocol

Preliminary testing and subject randomization. Two weeks before
the start of the study and after the intervention period, the subjects
performed a maximal incremental exercise test (initial load 100 W �
35 W/3 min) on a bicycle ergometer (Avantronic Cyclus II, Leipzig,
Germany) to determine maximal oxygen uptake rate (VO2max) and
the corresponding workload. Heart rate (Polar, Kempele, Finland),
VO2, and rate of elimination of CO2 (MetaLyzer II, Cortex, Leipzig,
Germany) were continuously measured during the test, and the exer-
cise intensity corresponding to the maximal rate of fat oxidation
(FATmax) was determined as previously described (1). Furthermore,
subjects participated in two familiarization sessions, during which
they performed a 2-h exercise bout on the bicycle ergometer following
a 10- to 12-h overnight fast. The subjects received 750 ml of water/h
during the steady-state exercise. During the first familiarization ses-

sion, subjects were allowed to adjust the workload (watt) every 10 min
to reach a point of exhaustion within 2 h. This workload was further
tuned during the second familiarization trial and was eventually used
during the experimental sessions (156 � 5 W). Furthermore, subjects
completed a 4-day dietary record to assess their normal dietary habits.
Energy intake and diet composition were analyzed using a nutritional
software package (Becel 5.00, Unilever Bestfoods, Rotterdam, The
Netherlands). Independent of the experimental group, subjects, on
average, ingested �3,000 kcal/day, of which, �50% in the form of
carbohydrates, �35% fat, and �15% protein. Based on this prelimi-
nary testing, the subjects were matched to obtain triplets with similar
values for: VO2max, average workload during the 2-h exercise test,
and dietary energy intake (kcal/24 h). At the start of the study,
triplet-matched subjects were randomly assigned to the three experi-
mental groups.

Study design and experimental groups. After the randomization, all
subjects were enrolled in a 6-wk dietary intervention program involv-
ing hypercaloric fat-rich feeding (see Dietary intervention). Two
experimental groups combined the diet with a supervised training
program, which consisted either of endurance training in F (n � 10)
or similar training with CHO before and during the training sessions
(n � 10; see Training intervention). CON (n � 7) received a HFD in
the absence of training. For the 6-wk intervention period, the subjects
participated in a pretest (before) and posttest (at the end).

Dietary intervention. Before the start of the study, high-fat menus
for Monday–Friday were composed by a professional dietician. Four
different menus were elaborated, which contained 3,000 kcal, 3,500
kcal, 4,000 kcal, or 4,500 kcal/day, and energy intake was similar on
training and rest days. Energy distribution in each dietary program
was �50% fat, �40% carbohydrates, and �10% protein. Subjects
received supervised lunches, whereas all other meals, snacks, and
drinks were provided by the investigators as individual take-home
food packages. For Saturdays and Sundays, the subjects were in-
structed to reproduce the dietary pattern from the weekdays, and they
completed a detailed food diary. Based on the dietary analyses prior
to the start of the study, triplets were assigned to the menu program
(3,000–4,500 kcal), best matching an increase in energy intake of
�30%. Since body weight increased less than expected in the control
group after 2 wk of follow-up (0.46 � 0.23 kg), all subjects were
upgraded to the menu with 500 kcal higher-energy intake from the
start of week 3.

Training intervention. F performed all training sessions fasted,
whereas CHO received a carbohydrate-rich breakfast (675 kcal, 70%
carbohydrates, 15% fat, 15% protein) �90 min before the start of each
training session. In addition, during exercise, CHO ingested a solution
containing 1 g maltodextrin/kg body wt in 500 ml water/h, while F
received a similar volume of water. To obtain identical daily energy
intakes between F and CHO throughout the study, F received the
nutrients, which they omitted in the morning, plus the amount of
maltodextrin they skipped during exercise in midafternoon. Subjects
participated in two 60-min and two 90-min supervised training ses-
sions/wk between 6:30 and 9:00 AM. Training sessions consisted of
a combination of cycling and running exercise. F and CHO subjects
always trained simultaneously as matched pairs. Due to the random-
ization procedure, F and CHO had similar VO2max. Hence, during
cycling, F subjects were instructed to adjust the workload to obtain a
heart rate corresponding with 70–75% VO2max, while CHO subjects
adjusted the workload to correspond with their F companion. A
similar procedure was used for the running training. Intensity of
running was set at 85% of the maximal heart rate obtained from a
Bruce protocol during the first training session in the training center
(7). Thus training duration and intensity were identical between F and
CHO at all times.

Pretest and posttest. Subjects received a standardized diet for 3
days before testing to avoid fluctuations of IMCL due to uncontrolled
dietary fat intake (5). In the pretest, subjects received a well-balanced
diet (2,500–3,500 kcal, 60% carbohydrates, 25% fat, 15% protein),
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whereas during the posttest, subjects continued to adhere to a HFD as
prescribed by the study protocol. At each occasion, subjects reported
to the laboratory between 6:00 and 10:00 AM after a 10- to 12-h
overnight fast. After a 30-min rest, a blood sample (10 ml) was taken
from an antecubital vein. Thereafter, a percutaneous needle biopsy
was taken from the right m. vastus lateralis under local anesthetic
through a 5-mm incision in the skin (2–3 ml Lidocaine). Subjects then
cycled for 2 h at the constant workload obtained from the familiar-
ization sessions (156 � 5 W). During the exercise bout, the subjects
received 750 ml of water/h. The volume consumed during the first
trial was recorded and reproduced during the second trial. At the end
of the exercise bout, another muscle biopsy and a venous blood
sample were taken. Part of the muscle sample was frozen immediately
in liquid nitrogen. The remaining part was mounted in embedding
medium (Tissue-Tek, Sakura FineTek, Zoeterwoude, The Nether-
lands) and frozen in isopentane, which was cooled in liquid nitrogen.
All muscle samples were stored at �80°C until later analysis. Subjects
were instructed to abstain from strenuous exercise for at least 2 days
prior to the biopsy. During the posttest, the biopsies in F and CHO
were taken �48 h after the last training session.

Biochemical Analyses

Oil Red O staining. Serial sections (4 �m) from biopsy samples
were placed on uncoated glass slides for determination of fiber
type-specific IMCL content by Oil Red O staining, as we have
previously described (18). Fiber type-specific IMCL content was
expressed as arbitrary units. For each cross-section, a total of 139 �
5 fibers was analyzed.

Muscle glycogen. Muscle glycogen content was measured as glu-
cose residues after acid hydrolysis in freeze-dried muscle tissue using
a standard enzymatic fluorometric assay (46).

RNA extraction and reverse transcription. Total RNA from frozen
muscle samples was extracted using the Trizol method (Invitrogen,
Carlsbad, CA). cDNA was prepared from 1 �g of RNA in a final
volume of 20 �l, according to the manufacturer’s protocol (High
Capacity cDNA Reverse Transciption Kit, Applied Biosystems,
Carlsbad, CA).

Real-time quantitative PCR analysis. Primers and probes for real-
time PCR were purchased from Applied Biosystems and supplied as
an assay-on-demand gene expression assay mix containing a 20	 mix
of unlabeled PCR forward and reverse primers, as well as Taqman
MGB probe. Assay identification for pyruvate dehydrogenase kinase 4
(PDK4) was Hs01037712. Real-time quantitative PCR analysis was
carried out as previously described (16a). To compensate for variations in
input RNA amounts and PCR reaction efficiency, two genes—peptidyl-
prolyl isomerase A (cyclophilin A; Hs99999904) and �-2-microglobulin
(Hs00187842)—were chosen using geNorm (65) applet and used as
reference genes to normalize the values. Pretest values in CON at rest
were assigned the arbitrary value of 1.0, and all other samples were
expressed relative to this value.

Muscle lysate production and Western blotting. Muscle lysate
production and Western blotting were done as previously described
(19). The primary antibodies used were AMP-activated protein kinase

 (AMPK
; Cell Signaling Technology, Danvers, MA), phospho-
AMPK
 Thr172 (Cell Signaling Technology), acetyl-CoA carboxylase
� (ACC�; Cell Signaling Technology), and phospho-ACC� Ser221

(Cell Signaling Technology). The appropriate secondary antibodies
were used (DakoCytomation, Denmark). Band density was calculated
by using Kodak 1D Image Analysis software. Results were expressed
relative to a standard made from all pretest samples, which was run
together with the samples. Pretest values in CON at rest were assigned
the arbitrary value of 1.0, and all other samples were expressed
relative to this value.

Analysis of blood samples. Plasma nonesterified FFAs were deter-
mined using a reagent kit (Wako Chemicals GMbH, Neuss, Ger-
many).

Statistical Analyses

Treatment effects were evaluated using a repeated-measures
ANOVA. Two-way ANOVA was performed to examine the main
effects of treatment and/or time. A planned contrast analysis was used
for post hoc comparisons when appropriate. Contrast analysis was
also used to evaluate specific preplanned comparisons. The associa-
tion between variables was analyzed by Pearson product moment
correlation analysis. A probability level (P � 0.05) was considered
statistically significant. All data are expressed as means � SE.

RESULTS

Some of the basal values (see Table 1 and Figs. 1–3 and
5) have been previously reported to address the effects of
training and a HFD on IMCL and whole-body insulin
sensitivity (63).

Body Weight and Exercise Capacity

In the pretest, body weight was similar among the three
groups (CON: 70.9 � 3.4 kg; F: 73.3 � 3.1 kg; CHO: 70.2 � 3.6
kg). A HFD increased body weight on average by 3 kg (range
�0.4 to �5.7 kg) in CON (73.9 � 3.2 kg; P � 0.001), �1.2
kg in CHO (71.6 � 3.4 kg; P � 0.05), and �0.8 kg in F (74.1 �
2.8 kg; P � 0.30). To evaluate the effect of training on
endurance exercise capacity, the subjects performed a maximal
incremental exercise test (Table 1). In the pretest, time to
exhaustion, VO2max, and FATmax were similar among the
three groups, and in CON, values were unchanged by the
posttest. The training intervention similarly increased time to
exhaustion in F and CHO (�15%; P � 0.05). VO2max was
increased by �7% in CHO (P � 0.01) but not in F (�1.5%;
P � 0.53). Training also tended to increase FATmax by �12%
in the two training groups (P � 0.11).

IMCL

In the pretest, baseline IMCL content in both type I and
type IIa fibers was similar between the groups, and exercise
decreased IMCL by about �30% (P � 0.05) in type I fibers
but not in type IIa fibers (Fig. 1). Independent of the
experimental group, a HFD increased basal IMCL content in

Table 1. Effect of high-fat diet, alone or in conjunction with
training in either the fasted or the carbohydrate-fed state, on
exercise capacity

CON F CHO

VO2 max (ml/min/kg)
Pretest 61.3 � 3.2 60.3 � 2.2 60.5 � 1.5
Posttest 60.7 � 2.9 61.2 � 2.6 64.7 � 1.8*

Time to exhaustion (min)
Pretest 22.8 � 1.5 21.5 � 1.1 21.6 � 1.2
Posttest 23.6 � 1.3 25.0 � 1.1* 24.6 � 1.2*

FATmax (watt)
Pretest 141 � 10 120 � 13 132 � 10
Posttest 138 � 13 136 � 9† 147 � 11†

Data provided are means � SE [control group (CON): n � 7; fasted state (F):
n � 10; carbohydrate-fed state (CHO): n � 10] and represent exercise capacity, as
measured by a maximal incremental exercise test. Values before (Pretest) and after
(Posttest) a 6-wk hypercaloric fat-rich diet, either in the absence (CON) or
presence of training in either F or CHO are shown. Values are adapted from ref.
(63). VO2max, maximal oxygen uptake rate; FATmax, rate of fat oxidation.

*P � 0.05 vs. pretest; †P � 0.11 vs. pretest.
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type I (�50%) as well as in type IIa (�75%) fibers (P �
0.01). Compared with the pretest, exercise-induced net
IMCL breakdown in type I fibers was increased in all groups
(P � 0.01) in the posttest. In addition, IMCL content in type
IIa fibers also markedly decreased (�40%; P � 0.01) in all
groups. Furthermore, in the posttest, we found significant
positive correlations between pre-exercise IMCL levels and
exercise-induced net IMCL degradation in both type I (r�0.38;
P � 0.05) and type IIa fibers (r � 0.64; P � 0.001).

Muscle Glycogen

In the pretest, basal muscle glycogen content was similar
between the groups (�500 mmol/kg dry weight), and exer-
cise decreased glycogen content by �50 – 60% (Fig. 2).
Furthermore, in CON, values were similar in the posttest.
Compared with CON, basal glycogen levels in the posttest
were slightly elevated in both F (P � 0.05) and in CHO
(P � 0.14). However, exercise-induced net glycogen break-
down tended to be attenuated (P � 0.09). Thus postexercise
muscle glycogen contents were higher in F and CHO than in
CON (P � 0.001).

AMPK and ACC

In the pretest, basal AMPK
, as well as ACC� protein,
expression was similar between the groups (Fig. 3). Com-
pared with the pretest, posttest basal AMPK
 protein con-
tent was slightly increased in F (P � 0.05) but not in CON
or CHO, whereas ACC� protein was unaffected in all
groups. Exercise did not change AMPK
 and ACC� protein
expression in the pretest or posttest. The phoshorylated
fractions of both AMPK
 and ACC� were similar between
groups in the pretest before and after the 2-h exercise bout.
Independent of the experimental condition, exercise mark-
edly increased AMPK
 and ACC� phosphorylation (P �
0.01). In CON, AMPK
 as well as ACC�, phosphorylation
status at all times was similar between the pretest and
posttest. However, compared with CON, training in F (P �
0.05) but not in CHO (P � 0.73) upregulated the basal
phospho-to-total AMPK
 ratio. Furthermore, compared
with the pretest, the exercise-induced increase of AMPK

phosphorylation was completely offset in F (P � 0.05) but
not in the other groups. The phosphorylation status of
ACC� paralleled the changes in AMPK
 phosphorylation,

Fig. 2. Effect of a HFD, alone or in conjunction with training in either F or CHO, on muscle glycogen content during exercise. Data provided are means � SE
(CON: n � 7; F: n � 10; CHO: n � 10) and represent muscle glycogen concentrations [mmol/kg dry weight (dw)] before (pretest) and after (posttest) a 6-wk
HFD, either in the absence (CON) or presence of training in either F or in CHO. Muscle glycogen content was measured before (Rest) and at the end (Exercise)
of a 2-h constant load-cycling bout, and net exercise-induced glycogen breakdown was calculated. Exercise decreased muscle glycogen content by 50–60% in
the pretest and in the posttest. Basal values are adapted from ref. (63) ). *P � 0.05 vs. pretest; †P � 0.05 vs. CON; $P � 0.05 vs. F.

Fig. 1. Effect of a high-fat diet (HFD), alone or
in conjunction with training in either the fasted
(F) or the carbohydrate-fed state (CHO), on
intramyocellular lipid (IMCL) content during
exercise. Data provided are means � SE [con-
trol group (CON): n � 7; F: n � 10; CHO:
n � 10] and represent IMCL content before
(pretest) and after (posttest) a 6-wk HFD,
either in the absence (CON) or presence of
training in either F or in CHO. IMCL content
was measured before (Rest) and at the end
(Exercise) of a 2-h constant load-cycling bout
in type I (A) and type IIa (B) fibers, and net
exercise-induced IMCL breakdown was calcu-
lated. Exercise decreased type I IMCL content
in the pretest and in the posttest. Type IIa
IMCL was reduced by �40% in the posttest.
Fiber type-specific IMCL content was deter-
mined by fluorescence microscopy on Oil Red
O-stained muscle cross-sections [arbitrary
units (A.U.)]. Basal values are adapted from
ref. (63). *P � 0.05 vs. pretest.
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including a reduced exercise-induced ACC� phosphoryla-
tion following 6 wk of endurance training, irrespective of
the nutritional status during exercise (P � 0.05).

PDK4 mRNA Expression

In the pretest, basal PDK4 mRNA contents were similar
between the groups, and exercise increased mRNA abundance
five- to eightfold (P � 0.01) (Fig. 4). Compared with the
pretest, in the posttest, basal PDK4 mRNA content was sig-
nificantly reduced in F (�64%; P � 0.01) and tended to be
lower in CHO (�43%; P � 0.07), whereas no change occurred
in CON (P � 0.22). Furthermore, the exercise-induced in-
crease in PDK4 mRNA was markedly blunted in F (P � 0.01)
but not in the other two groups.

Plasma FFA

In the pretest, the exercise elicited an approximate four- to
fivefold increase in plasma FFA concentration in all groups
(Fig. 5). Compared with the pretest, posttest baseline plasma
FFA level was reduced in F (�42%; P � 0.01) and CHO
(�31%; P � 0.05) but not in CON (P � 0.39). Furthermore,
in the posttest, the exercise-induced increase in plasma FFA
was blunted in all groups, but this effect was more explicit in
F than in CON and CHO (P � 0.05).

DISCUSSION

In the present study, we investigated the effect of endurance
training in conjunction with a HFD on IMCL and glycogen
utilization during exercise. We postulated that training in F,

Fig. 3. Effect of a HFD, alone or in conjunc-
tion with training in either F or CHO, on
muscle AMP-activated protein kinase 

(AMPK
) and acetyl-CoA carboxylase �
(ACC�) protein and phosphorylation status
during exercise. Data provided are means �
SE (CON: n � 7; F: n � 9; CHO: n � 10)
and represent total protein content of
AMPK
 (A) and ACC� (B), as well as the
phosphorylation status of AMPK
 (C) and
ACC� (D), as measured by Western blotting
(A.U.) before (pretest) and after (posttest) a
6-wk HFD, either in the absence (CON) or
presence of training in either F or in CHO.
Total protein content and phosphorylation
status of AMPK
 were measured before
(Rest) and at the end (Exercise) of a 2-h
constant load-cycling bout. Exercise in-
creased both AMPK
 and ACC� phosphor-
ylation in the pretest. Pretest values in CON
at rest were assigned the arbitrary value of
1.0, and all other samples were expressed
relative to this value. Basal values of
AMPK
 are adapted from ref. (63). *P �
0.05 vs. pretest; #P � 0.09 vs. pretest; †P �
0.05 vs. CON; $P � 0.05 vs. F.
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compared with similar training in CHO, can stimulate the
contribution of IMCL to energy provision while maintaining
normal capacity for energy production via glycogen break-
down. However, the data demonstrate that a hypercaloric HFD,
independent of F or CHO, increased net IMCL breakdown in
both type I and type IIa muscle fibers during exercise without
impairing exercise-induced net glycogen degradation.

It is well documented that exercise in F, compared with exer-
cise in conjunction with carbohydrate intake, stimulates the con-
tribution of fat oxidation to ATP production in muscles (3, 6, 19,
23). This elevated fat turnover rate is at least partly due to greater
utilization of IMCL in type I muscle fibers (19). Against this
background, we hypothesized that a fasting exercise training
program is superior to consistent training in conjunction with
CHO to facilitate exercise-induced IMCL utilization during a
HFD. However, independent of the training interventions, a HFD
per se markedly increased net IMCL degradation during exercise.
In all groups, net exercise-induced IMCL breakdown in type I
fibers during a 2-h submaximal exercise bout, corresponding to
�65% of VO2max, increased from �25% of initial content in the
pretest to �50% in the posttest. Unexpectedly, however, a HFD
also triggered IMCL utilization in type IIa fibers during exercise
(�40% of initial content), which did not use IMCL in the pretest
(see Fig. 1). Indeed, available literature clearly shows that during
prolonged submaximal exercise, significant IMCL utilization only
occurs in type I fibers (16a, 19, 61), except in highly trained
endurance athletes, who can use IMCL in type II fibers (57a). We
recently found that as little as 6 wk of endurance training, while
using an isocaloric carbohydrate-rich diet in subjects with no
prehistory of specific endurance training, elicited significant
IMCL breakdown in type IIa fibers (64). Thus our present and
previous (64) findings clearly indicate that even untrained indi-
viduals can use IMCL as an energy fuel in type IIa fibers during

exercise following short-term adaptation to either endurance train-
ing or a HFD (64). Our current observations also corroborate
earlier findings by other laboratories showing an elevated contri-
bution of IMCL to energy provision in endurance exercise fol-
lowing a period of a HFD in young volunteers (39, 71, 72).
However, in the latter studies, IMCL content was measured in
mixed muscle homogenates, and the increased net IMCL degra-
dation was tentatively explained by greater IMCL oxidation in
type I fibers. Based on the current results, such interpretation must
be reviewed, because we clearly demonstrate that a HFD substan-
tially promoted IMCL utilization also in IIa fibers.

Increased basal IMCL content probably is the primary candi-
date to explain the higher exercise-induced IMCL utilization
following a HFD alone or in conjunction with training. Earlier
studies have repeatedly shown that higher pre-exercise IMCL
content facilitates exercise-induced IMCL breakdown (39, 54, 57,
57a, 72). In line with these previous reports (41, 55, 71, 72), a
short-term HFD indeed caused a significant increase of basal
IMCL content in both type I (�50%) and type IIa fibers (�75%;
see Fig. 1). In agreement with previous findings by others (16a,
19) and van Loon et al. (61), fiber-specific IMCL degradation was
positively correlated with initial IMCL content, particularly at the
higher range of IMCL levels seen in the posttest. By analogy,
elevated IMCL hydrolysis during exercise in females compared
with males probably also is largely driven by higher basal IMCL
content (54, 60). Such interpretation is also supported by the
observation that 5 days of a HFD were sufficient to enhance HSL
activity during moderate-intensity exercise by �20–30% (58).
The precise role of IMCL concentration in regulating HSL activ-
ity is at present unknown. However, it is worthwhile mentioning
that high initial muscle glycogen content can promote net glyco-
genolysis during muscle contractions (28, 36) by covalent activa-
tion of the glycogen phosphorylase enzyme (36). A similar mech-

Fig. 4. Effect of a HFD, alone or in conjunc-
tion with training in either F or CHO, on
muscle mRNA content of pyruvate dehydroge-
nase kinase 4 (PDK4). Data provided are
means � SE (CON: n � 7; F: n � 9; CHO: n �
9) and represent mRNA content of PDK4, as
measured by RT-PCR before (pretest) and after
(posttest) a 6-wk HFD, either in the absence
(CON) or presence of training in either F or in
CHO. mRNA content was measured before
(Rest) and at the end (Exercise) of a 2-h con-
stant load-cycling bout. Pretest values in CON
at rest were assigned the arbitrary value of 1.0,
and all other samples were expressed relative
to this value. *P � 0.05 vs. pretest.

Fig. 5. Effect of a HFD, alone or in conjunc-
tion with training in either F or CHO, on
plasma free fatty acid (FFA) concentration
during exercise. Data provided are means �
SE (CON: n � 7; F: n � 10; CHO: n � 10)
and represent plasma FFA concentrations
(�mol/l) before (pretest) and after (posttest) a
6-wk HFD, either in the absence (CON) or
presence of training in either F or in CHO.
FFA concentration was measured before
(Rest) and at the end (Exercise) of a 2-h
constant load-cycling bout. Basal values are
adapted from ref. (63). *P � 0.05 vs. pretest.
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anism of substrate regulation might exist for HSL, which in fact is
the only lipase known to be activated by reversible phosphoryla-
tion, similar to glycogen phosphorylase (67). It also has been
previously suggested that increased circulating FFA concentration
late in prolonged exercise may inhibit IMCL degradation by
reducing HSL activity via long-chain fatty acyl CoA accumula-
tion in muscle cells (66). Along this line, it is reasonable to
speculate that the lower plasma FFA concentrations during exer-
cise following a HFD (see Fig. 5) stimulated IMCL breakdown in
the later stage of the 2-h exercise bout.

Another interesting observation in this study is that a HFD
inhibited the potential of endurance training to promote exercise-
induced IMCL hydrolysis. We have recently demonstrated that an
isocaloric carbohydrate-rich diet did not increase basal IMCL
content but markedly stimulated exercise-induced IMCL hydro-
lysis. Moreover, this effect was more explicit when training
sessions were performed in F than in CHO (64). In the present
study, a HFD increased exercise-induced net IMCL utilization,
independent of whether a HFD was administered alone or in
combination with training. There is evidence to indicate that
training per se can increase contraction-induced activation of HSL
via PKC (21, 44). However, if such effect occurred here, then it
seemed to have been overruled by HFD-induced adaptations. We
have previously reported that the lack of net IMCL hydrolysis in
type IIa fibers probably largely reflects poor recruitment of type
IIa motor units in prolonged submaximal exercise (19). For sure,
a HFD, as such, cannot impact on the motor-unit recruitment
pattern during exercise. Still, a HFD substantially increased IMCL
utilization in type IIa fibers. In this regard, it is reasonable to
speculate that a HFD, probably by virtue of higher IMCL content,
stimulated contraction-induced HSL activity in the active fraction
of type IIa motor units while possibly promoting adrenaline-
induced lipolysis in inactive type IIa fibers (45, 67). By analogy,
stimulation of glycogen phosphorylase by adrenaline (53) also can
explain net glycogenolysis in inactive muscle fibers during exer-
cise (2). Finally, it is important to note that besides HSL, adipose
triglyceride lipase (ATGL) is also implicated in regulation of
IMCL breakdown (68). However, it is at present unclear whether
nutritional changes can impact on ATGL regulation.

Muscle glycogen is the primary substrate fueling muscle con-
tractions during high-intensity endurance exercise. Some earlier
studies have reported impaired capacity for muscle glycogenoly-
sis in endurance exercise following the short-term administration
of a low-carbohydrate HFD (32, 33a, 58). However, these diets
caused basal muscle glycogen contents to significantly drop,
which can help to explain the reduced glycogen utilization during
exercise (28, 36). Conversely, we administered a hypercaloric
HFD supplying carbohydrates at an even higher daily dose (g/day)
than the subjects’ habitual diet before the study. Hence, normal
muscle glycogen contents were well maintained throughout the
study, and this expectedly resulted in normal net glycogenolysis
during exercise (see Fig. 2). The 6-wk training intervention, in
conjunction with a HFD, tended to slightly decrease exercise-
induced net muscle glycogen degradation in the training groups,
yet this was likely due to slightly lower relative exercise intensity
post-training. In fact, it is well known that endurance training
reduces net muscle glycogen utilization for a given duration and
relative intensity (% VO2max) of exercise (11, 40). Taken to-
gether, our data indicate that high-fat intake per se does not impair
muscle glycogen breakdown during exercise, provided muscle
glycogen levels are well maintained by adequate daily carbohy-

drate intake. The administration of a HFD probably also negated
the effect of training in F to inhibit net glycogen breakdown in
endurance exercise. We previously reported 6 wk of fasting
training in conjunction with a carbohydrate-rich diet to cause
muscle glycogen sparing during exercise (64). Here, in fact, we
used a similar fasting training program, but the dietary context
was switched from carbohydrate-rich to a HFD, which eliminated
the training effect on exercise-induced net glycogen degradation.
It is also worthwhile to note that the similar pattern of glycogen
breakdown between the training groups post-training occurred
against the face of a complete offset of exercise-induced AMPK

phosphorylation in F but not in CHO (see Fig. 3). This finding
once more indicates a dissociation between initial muscle glyco-
gen content and regulation of AMPK
 activity after a period of
exercise training (47, 69). Along the same line, AMPK
 activa-
tion was not simply linked to baseline IMCL content, as was
recently proposed by Yeo and coworkers (69). However, the
phosphorylation status of ACC�, one of the major downstream
targets of AMPK
 (27), closely reflected the pattern of AMPK

activation (see Fig. 3) and as such, may be regarded as a confir-
mation of the AMPK findings. The lower ACC� phosphorylation
immediately after exercise post-training likely results from a
decreased relative exercise intensity rather than being an indica-
tion of fat oxidation during exercise (10), also supported by our
previous data (16a, 62).

Surprisingly, we found PDK4 mRNA content pre- and postex-
ercise to be decreased in F but not in CHO or in CON (see Fig. 4).
Several studies have demonstrated that isocaloric HFDs can up-
regulate PDK4 expression (4, 12, 51). As mentioned above, such
diets typically reduce muscle glycogen content, while increasing
plasma FFA levels. Both of these adaptations can increase muscle
PDK4 mRNA and protein content at rest as well as during
exercise and recovery (42, 52). However, in the present study, F,
more than CHO, elicited a significant increase in muscle glycogen
content (see Fig. 2), whereas plasma FFA levels dropped both
before and during exercise (see Fig. 5). This may explain the
unexpected reduction in PDK4 mRNA expression. Although we
did not measure PDK4 protein content, based on available liter-
ature data, it is reasonable to assume that the decreased PDK4
mRNA under the conditions of the current study corresponded
with decreased PDK4 protein expression (24, 51).

In conclusion, the current study clearly demonstrates that the
administration of a hypercaloric HFD elevates IMCL content
and increases the contribution of IMCL to energy provision in
endurance exercise. This effect is not altered by exercise
training, independent of whether the training is consistently
performed in F or in CHO. Interestingly, a fat-rich diet elicits
significant IMCL utilization during exercise in type IIa fibers,
which otherwise, do not exhibit exercise-induced IMCL break-
down in young, healthy male volunteers. Furthermore, during
training on a hypercaloric HFD, the capacity for muscle gly-
cogen utilization in endurance exercise is well maintained,
probably because adequate dietary carbohydrate supply pre-
vents a training-induced drop of muscle glycogen content.

ACKNOWLEDGMENTS

The authors thank all subjects for participating in this study. The authors
also thank Koen Pelgrim for the assistance in supervising the training sessions
and in performing the exercise tests. Furthermore, the screening of the
manuscript by Matt Brughelli is greatly acknowledged.

114 HIGH-FAT DIET AND ENDURANCE TRAINING

J Appl Physiol • VOL 111 • JULY 2011 • www.jap.org

 at U
niv C

atholique Louvain B
ruxe on F

ebruary 21, 2013
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


GRANTS

This study was supported by Grant OT/05/53 from the Katholieke Univer-
siteit Leuven (K.U. Leuven) and Grant G.0233.05 F from the Fund for
Scientific Research-Flanders, Belgium (F.W.O.-Vlaanderen).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

REFERENCES

1. Achten J, Gleeson M, Jeukendrup AE. Determination of the exercise
intensity that elicits maximal fat oxidation. Med Sci Sports Exerc 34:
92–97, 2002.

2. Altenburg TM, Degens H, van Mechelen W, Sargeant AJ, de Haan A.
Recruitment of single muscle fibers during submaximal cycling exercise.
J Appl Physiol 103: 1752–1756, 2007.

3. Arkinstall MJ, Bruce CR, Nikolopoulos V, Garnham AP, Hawley JA.
Effect of carbohydrate ingestion on metabolism during running and
cycling. J Appl Physiol 91: 2125–2134, 2001.

4. Arkinstall MJ, Tunstall RJ, Cameron-Smith D, Hawley JA. Regulation
of metabolic genes in human skeletal muscle by short-term exercise and
diet manipulation. Am J Physiol Endocrinol Metab 287: E25–E31, 2004.

5. Bachmann OP, Dahl DB, Brechtel K, Machann J, Haap M, Maier T,
Loviscach M, Stumvoll M, Claussen CD, Schick F, Haring HU, Jacob
S. Effects of intravenous and dietary lipid challenge on intramyocellular
lipid content and the relation with insulin sensitivity in humans. Diabetes
50: 2579–2584, 2001.

6. Bennard P, Doucet E. Acute effects of exercise timing and breakfast meal
glycemic index on exercise-induced fat oxidation. Appl Physiol Nutr
Metab 31: 502–511, 2006.

7. Bruce RA, Blackmon JR, Jones JW, Strait G. Exercising testing in
adult normal subjects and cardiac patients. Pediatrics 32 Suppl: 742–756,
1963.

8. Burke LM, Angus DJ, Cox GR, Cummings NK, Febbraio MA,
Gawthorn K, Hawley JA, Minehan M, Martin DT, Hargreaves M.
Effect of fat adaptation and carbohydrate restoration on metabolism and
performance during prolonged cycling. J Appl Physiol 89: 2413–2421,
2000.

9. Cameron-Smith D, Burke LM, Angus DJ, Tunstall RJ, Cox GR,
Bonen A, Hawley JA, Hargreaves M. A short-term, high-fat diet up-
regulates lipid metabolism and gene expression in human skeletal muscle.
Am J Clin Nutr 77: 313–318, 2003.

10. Chen ZP, Stephens TJ, Murthy S, Canny BJ, Hargreaves M, Witters
LA, Kemp BE, McConell GK. Effect of exercise intensity on skeletal
muscle AMPK signaling in humans. Diabetes 52: 2205–2212, 2003.

11. Chesley A, Heigenhauser GJ, Spriet LL. Regulation of muscle glycogen
phosphorylase activity following short-term endurance training. Am J
Physiol Endocrinol Metab 270: E328–E335, 1996.

12. Chokkalingam K, Jewell K, Norton L, Littlewood J, vanLoon LJC,
Mansell P, Macdonald IA, Tsintzas K. High fat/low carbohydrate diet
reduces insulin-stimulated carbohydrate oxidation but stimulates non-
oxidative glucose disposal in humans: an important role for skeletal
muscle PDK4. J Clin Endocrinol Metab 92: 984–992, 2006.

13. Civitarese AE, Hesselink MKC, Russell AP, Ravussin E, Schrauwen
P. Glucose ingestion during exercise blunts exercise-induced gene expres-
sion of skeletal muscle fat oxidative genes. Am J Physiol Endocrinol
Metab 289: E1023–E1029, 2005.

14. Cluberton LJ, McGee SL, Murphy RM, Hargreaves M. Effect of
carbohydrate ingestion on exercise-induced alterations in metabolic gene
expression. J Appl Physiol 99: 1359–1363, 2005.

15. Coyle EF, Coggan AR, Hemmert MK, Ivy JL. Muscle glycogen
utilization during prolonged strenuous exercise when fed carbohydrate. J
Appl Physiol 61: 165–172, 1986.

16. Coyle EF, Hagberg JM, Hurley BF, Martin WH, Ehsani AA, Holloszy
JO. Carbohydrate feeding during prolonged strenuous exercise can delay
fatigue. J Appl Physiol 55: 230–235, 1983.

16a.De Bock K, Derave W, Eijnde BO, Hesselink MKC, Koninckx E, Rose
AJ, Schrauwen P, Bonen A, Richter EA, Hespel PJ. Effect of training
in the fasted state on metabolic responses during exercise with carbohy-
drate intake. J Appl Physiol 104: 1045–1055, 2008.

17. De Bock K, Derave W, Ramaekers M, Richter EA, Hespel P. Fiber
type-specific muscle glycogen sparing due to carbohydrate intake before
and during exercise. J Appl Physiol 102: 183–188, 2007.

18. De Bock K, Dresselaers T, Kiens B, Richter EA, Van Hecke P, Hespel
P. Evaluation of intramyocellular lipid breakdown during exercise by
biochemical assay, NMR spectroscopy, and Oil Red O staining. Am J
Physiol Endocrinol Metab 293: E428–E434, 2007.

19. De Bock K, Richter EA, Russell AP, Eijnde BO, Derave W, Ramaek-
ers M, Koninckx E, Leger B, Verhaeghe J, Hespel P. Exercise in the
fasted state facilitates fibre type-specific intramyocellular lipid breakdown
and stimulates glycogen resynthesis in humans. J Physiol 564: 649–660,
2005.

21. Donsmark M, Langfort J, Holm C, Ploug T, Galbo H. Contractions
activate hormone-sensitive lipase in rat muscle by protein kinase C and
mitogen-activated protein kinase. J Physiol 550: 845–854, 2003.

22. Dyck DJ, Putman CT, Heigenhauser GJ, Hultman E, Spriet LL.
Regulation of fat-carbohydrate interaction in skeletal muscle during in-
tense aerobic cycling. Am J Physiol Endocrinol Metab 265: E852–E859,
1993.

23. Febbraio MA, Chiu A, Angus DJ, Arkinstall MJ, Hawley JA. Effects
of carbohydrate ingestion before and during exercise on glucose kinetics
and performance. J Appl Physiol 89: 2220–2226, 2000.

24. Fluck M. Functional, structural and molecular plasticity of mammalian
skeletal muscle in response to exercise stimuli. J Exp Biol 209: 2239–
2248, 2006.

25. Goedecke JH, Christie C, Wilson G, Dennis SC, Noakes TD, Hopkins
WG, Lambert EV. Metabolic adaptations to a high-fat diet in endurance
cyclists. Metabolism 48: 1509–1517, 1999.

26. Hansen AK, Fischer CP, Plomgaard P, Andersen JL, Saltin B, Ped-
ersen BK. Skeletal muscle adaptation: training twice every second day vs.
training once daily. J Appl Physiol 98: 93–99, 2005.

27. Hardie DG. Energy sensing by the AMP-activated protein kinase and its
effects on muscle metabolism. Proc Nutr Soc 70: 92–99, 2011.

28. Hargreaves M, McConell G, Proietto J. Influence of muscle glycogen
on glycogenolysis and glucose uptake during exercise in humans. J Appl
Physiol 78: 288–292, 1995.

29. Havemann L, West SJ, Goedecke JH, Macdonald IA, St Clair GA,
Noakes TD, Lambert EV. Fat adaptation followed by carbohydrate
loading compromises high-intensity sprint performance. J Appl Physiol
100: 194–202, 2006.

30. Hawley JA, Burke LM, Phillips SM, Spriet LL. Nutritional modulation
of training-induced skeletal muscle adaptations. J Appl Physiol 110:
834–845, 2011.

31. Helge JW, Kiens B. Muscle enzyme activity in humans: role of substrate
availability and training. Am J Physiol Regul Integr Comp Physiol 272:
R1620–R1624, 1997.

32. Helge JW, Richter EA, Kiens B. Interaction of training and diet on
metabolism and endurance during exercise in man. J Physiol 492: 293–
306, 1996.

33. Helge JW, Watt PW, Richter EA, Rennie MJ, Kiens B. Fat utilization
during exercise: adaptation to a fat-rich diet increases utilization of plasma
fatty acids and very low density lipoprotein-triacylglycerol in humans. J
Physiol 537: 1009–1020, 2001.

33a.Helge JW, Watt PW, Richter EA, Rennie MJ, Kiens B. Partial resto-
ration of dietary fat induced metabolic adaptations to training by 7 days of
carbohydrate diet. J Appl Physiol 93: 1797–1805, 2002.

34. Helge JW, Wulff B, Kiens B. Impact of a fat-rich diet on endurance in
man: role of the dietary period. Med Sci Sports Exerc 30: 456–461, 1998.

36. Hespel P, Richter EA. Mechanism linking glycogen concentration and
glycogenolytic rate in perfused contracting rat skeletal muscle. Biochem J
15: 777–780, 1992.

37. Hulston CJ, Venables MC, Mann CH, Martin C, Philp A, Baar K,
Jeukendrup AE. Training with low muscle glycogen enhances fat me-
tabolism in well-trained cyclists. Med Sci Sports Exerc 42: 2046–2055,
2010.

38. Issekutz B Jr, Birkhead NC, Rodahl K. Effect of Diet on Work
Metabolism. J Nutr 79: 109–115, 1963.

39. Johnson NA, Stannard SR, Mehalski K, Trenell MI, Sachinwalla T,
Thompson CH, Thompson MW. Intramyocellular triacylglycerol in
prolonged cycling with high- and low-carbohydrate availability. J Appl
Physiol 94: 1365–1372, 2003.

40. Kiens B, Essen-Gustavsson B, Christensen NJ, Saltin B. Skeletal
muscle substrate utilization during submaximal exercise in man: effect of
endurance training. J Physiol 469: 459–478, 1993.

41. Kiens B, Essen-Gustavsson B, Gad P, Lithell H. Lipoprotein lipase
activity and intramuscular triglyceride stores after long-term high-fat and

115HIGH-FAT DIET AND ENDURANCE TRAINING

J Appl Physiol • VOL 111 • JULY 2011 • www.jap.org

 at U
niv C

atholique Louvain B
ruxe on F

ebruary 21, 2013
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


high-carbohydrate diets in physically trained men. Clin Physiol 7: 1–9,
1987.

42. Kiilerich K, Gudmundsson M, Birk JB, Lundby C, Taudorf S, Plom-
gaard P, Saltin B, Pedersen PA, Wojtaszewski JFP, Pilegaard H. Low
muscle glycogen and elevated plasma free fatty acid modify but do not
prevent exercise-induced PDH activation in human skeletal muscle. Dia-
betes 59: 26–32, 2010.

43. Krogh A, Lindhard J. The relative value of fat and carbohydrate as
sources of muscular energy: with appendices on the correlation between
standard metabolism and the respiratory quotient during rest and work.
Biochem J 14: 290–363, 1920.

44. Langfort J, Donsmark M, Ploug T, Holm C, Galbo H. Hormone-
sensitive lipase in skeletal muscle: regulatory mechanisms. Acta Physiol
Scand 178: 397–403, 2003.

45. Langfort J, Ploug T, Ihlemann J, Saldo M, Holm C, Galbo H.
Expression of hormone-sensitive lipase and its regulation by adrenaline in
skeletal muscle. Biochem J 340: 459–465, 1999.

46. Lowry OH, Passoneau JV. A Flexible System of Enzymatic Analysis.
New York: Academic, 1972.

47. McConell GK, Lee-Young RS, Chen ZP, Stepto NK, Huynh NN,
Stephens TJ, Canny BJ, Kemp BE. Short-term exercise training in
humans reduces AMPK signalling during prolonged exercise independent
of muscle glycogen. J Physiol 568: 665–676, 2005.

48. Morton JP, Croft L, Bartlett JD, MacLaren DPM, Reilly T, Evans L,
McArdle A, Drust B. Reduced carbohydrate availability does not mod-
ulate training-induced heat shock protein adaptations but does upregulate
oxidative enzyme activity in human skeletal muscle. J Appl Physiol 106:
1513–1521, 2009.

48a.Odland LM, Heigenhauser GJ, Spriet LL. Effects of high fat provision
on muscle PDH activation and malonyl-CoA content in moderate exercise.
J Appl Physiol 89: 2352–2358, 2000.

49. Odland LM, Heigenhauser GJ, Wong D, Hollidge-Horvat MG, Spriet
LL. Effects of increased fat availability on fat-carbohydrate interaction
during prolonged exercise in men. Am J Physiol Regul Integr Comp
Physiol 274: R894–R902, 1998.

51. Peters SJ, Harris RA, Wu P, Pehleman TL, Heigenhauser GJF, Spriet
LL. Human skeletal muscle PDH kinase activity and isoform expression
during a 3-day high-fat/low-carbohydrate diet. Am J Physiol Endocrinol
Metab 281: E1151–E1158, 2001.

52. Pilegaard H, Keller C, Steenberg A, Helge JW, Pedersen BK, Saltin B,
Neufer PD. Influence of pre-exercise muscle glycogen content on exer-
cise-induced transcriptional regulation of metabolic genes. J Physiol 15:
261–271, 2002.

53. Richter EA, Ruderman NB, Gavras H, Belur ER, Galbo H. Muscle
glycogenolysis during exercise: dual control by epinephrine and contrac-
tions. Am J Physiol Endocrinol Metab 242: E25–E32, 1982.

54. Roepstorff C, Thiele M, Hillig T, Pilegaard H, Richter EA, Wojtasze-
wski FP Jr, Kiens B. Higher skeletal muscle alpha2AMPK activation and
lower energy charge and fat oxidation in men than in women during
submaximal exercise. J Physiol 574: 125–138, 2006.

55. Schrauwen-Hinderling VB, Kooi ME, Hesselink MK, Moonen-Kornips
E, Schaart G, Mustard KJ, Hardie DG, Saris WH, Nicolay K, Schrauwen
P. Intramyocellular lipid content and molecular adaptations in response to a
1-week high-fat diet. Obes Res 13: 2088–2094, 2005.

56. Simonsen JC, Sherman WM, Lamb DR, Dernbach AR, Doyle JA,
Strauss R. Dietary carbohydrate, muscle glycogen, and power output
during rowing training. J Appl Physiol 70: 1500–1505, 1991.

57. Standl E, Lotz N, Dexel T, Janka AU, Kolb HJ. Muscle triglycerides in
diabetic subjects. Effect of insulin deficiency and exercise. Diabetologia
18: 463–469, 1980.

57a.Stellingwerff T, Boon H, Jonkers RAM, Senden JM, Spriet LL,
Koopman R, van Loon LJC. Significant intramyocellular lipid use
during prolonged cycling in endurance-trained males as assessed by three
different methodologies. Am J Physiol Endocrinol Metab 292: E1715–
E1723, 2007.

58. Stellingwerff T, Spriet LL, Watt MJ, Kimber NE, Hargreaves M,
Hawley JA, Burke LM. Decreased PDH activation and glycogenolysis
during exercise following fat adaptation with carbohydrate restoration. Am
J Physiol Endocrinol Metab 290: E380–E388, 2006.

60. Tarnopolsky MA, Rennie C, Robertshaw HA, Fedak-Tarnopolsky
SN, Devries MC, Hamadeh MJ. Influence of endurance exercise training
and sex on intramyocellular lipid and mitochondrial ultrastructure, sub-
strate use, and mitochondrial enzyme activity. Am J Physiol Regul Integr
Comp Physiol 292: R1271–R1278, 2007.

61. van Loon LJ, Koopman R, Stegen JH, Wagenmakers AJ, Keizer HA,
Saris WH. Intramyocellular lipids form an important substrate source
during moderate intensity exercise in endurance-trained males in a fasted
state. J Physiol 553: 611–625, 2003.

62. Van Proeyen K, De Bock K, Hespel P. Training in the fasted state
facilitates re-activation of eEF2 activity during recovery from endurance
exercise. Eur J Appl Physiol. In press.

63. Van Proeyen K, Szlufcik K, Nielens H, Pelgrim K, Deldicque L,
Hesselink M, Van Veldhoven PP, Hespel P. Training in the fasted state
improves glucose tolerance during fat-rich diet. J Physiol 588: 4289–
4302, 2010.

64. Van Proeyen K, Szlufcik K, Nielens H, Ramaekers M, Hespel PJ.
Beneficial metabolic adaptations due to endurance exercise training in the
fasted state. J Appl Physiol 110: 236–245, 2011.

65. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De
Paepe A, Speleman F. Accurate normalization of real-time quantitative
RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol 3: RESEARCH0034, 2002.

66. Watt MJ, Heigenhauser GJ, O’Neill M, Spriet LL. Hormone-sensitive
lipase activity and fatty acyl-CoA content in human skeletal muscle during
prolonged exercise. J Appl Physiol 95: 314–321, 2003.

67. Watt MJ, Spriet LL. Regulation and role of hormone-sensitive lipase
activity in human skeletal muscle. Proc Nutr Soc 63: 315–322, 2004.

68. Watt MJ, Spriet LL. Triacylglycerol lipases and metabolic control:
implications for health and disease. Am J Physiol Endocrinol Metab 299:
E162–E168, 2010.

69. Yeo WK, Lessard SJ, Chen ZP, Garnham AP, Burke LM, Rivas DA,
Kemp BE, Hawley JA. Fat adaptation followed by carbohydrate resto-
ration increases AMPK activity in skeletal muscle from trained humans. J
Appl Physiol 105: 1519–1526, 2008.

70. Yeo WK, Paton CD, Garnham AP, Burke LM, Carey AL, Hawley JA.
Skeletal muscle adaptation and performance responses to once a day
versus twice every second day endurance training regimens. J Appl
Physiol 105: 1462–1470, 2008.

71. Zderic TW, Davidson CJ, Schenk S, Byerley LO, Coyle EF. High-fat
diet elevates resting intramuscular triglyceride concentration and whole
body lipolysis during exercise. Am J Physiol Endocrinol Metab 286:
E217–E225, 2004.

72. Zehnder M, Christ E, Ith M, Acheson K, Pouteau E, Kreis R, Trepp
R, Diem P, Boesch C, Decombaz J. Intramyocellular lipid stores increase
markedly in athletes after 1.5 days lipid supplementation and are utilized
during exercise in proportion to their content. Eur J Appl Physiol 98:
341–354, 2006.

116 HIGH-FAT DIET AND ENDURANCE TRAINING

J Appl Physiol • VOL 111 • JULY 2011 • www.jap.org

 at U
niv C

atholique Louvain B
ruxe on F

ebruary 21, 2013
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/

