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Introduction

High intramyocellular lipid content has been associated with in-
sulin resistance [16,23, 27,34]. However, paradoxically, endur-
ance trained athletes are also characterized by high IMCL levels
[13,19] while being highly insulin-sensitive, suggesting that the
relation is not causal. Based on cross-sectional data, comparing
trained athletes with untrained subjects, a negative effect of in-

tramuscular triglycerides themselves on insulin sensitivity can,
however, not be ruled out, as it would be conceivable that other
long term metabolic adaptations to training overcompensate
negative effects of enlarged intramuscular triglyceride depots.
Long term endurance training leads to many physiological adap-
tations such as increased capillary supply [22], increased fat free
mass and increased number of type I fibers [6] and increased fat
oxidative capacity [31] which all have recognized positive effects

Abstract

Recently, we showed that short-term training induced a rapid in-
crease in IMCL whilst insulin sensitivity tended to improve. Here
we investigate molecular adaptations accompanying this phys-
iological training-induced accumulation of IMCL. Nine untrained
men (age: 23.3 ± 3.2 y; maximal power output: 3.8 ± 0.6 W/kg
body weight) trained for two weeks. Before and after training,
subjects cycled for three hours and biopsies were taken before
and after exercise. mRNA concentrations of ACC2, HSL, LPL, Glut4
and HKII were quantified by RT-PCR and association of Glut4
with the membrane was quantified by immunohistochemical
method. Endurance training resulted in a decrease of 29.1% in
ACC2 mRNA (p = 0.02). After training, ACC2 mRNA tended to de-
crease with acute exercise (– 24.4% [p = 0.06]). HSL mRNA de-
creased with acute exercise after training (– 37.3% [p = 0.002]).

LPL mRNA concentrations increased with acute exercise before
training (+ 42.4% [p = 0.05]) and HKII mRNA increased with acute
exercise before (+ 72.5% [p = 0.025]) and after training (+ 99.3%
[p = 0.05]). After acute exercise, more Glut4 was associated with
the membrane than before exercise, but it was not affected by
training. We conclude that the training-induced increase in IMCL
was accompanied by molecular adaptations in muscle to im-
prove fat oxidative capacity, while markers of glucose metab-
olism were not yet changed. The present data are in line with
the hypothesis that the fat oxidative capacity might be more im-
portant than the IMCL content in determining insulin sensitivity.
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on insulin sensitivity. Therefore, to study the (lack of) relation-
ship between IMCL and insulin sensitivity upon endurance train-
ing, it is required to examine the longitudinal effects of endur-
ance training on IMCL content. To this end, we recently examined
insulin sensitivity and IMCL content in response to a short-term
training program [40]. We found increased IMCL content after a
short training period of two weeks that occurred in concert with
a tendency to improved insulin sensitivity. As after two weeks of
training, long-term adaptations are negligible, we concluded
that IMCL content couldn’t be directly responsible for insulin re-
sistance.

As an alternative explanation for the relation between IMCL and
insulin sensitivity, it has been suggested that not IMCL content
per se, but a low fat oxidative capacity, which can result in the
storage of IMCL, is responsible for the negative effects on insulin
sensitivity [11,16,35]. Indeed, type 2 diabetes patients are char-
acterized by low fat oxidative capacity [9], whereas endurance
training results in increased IMCL levels along with increased
fat oxidative capacity and improved insulin sensitivity.

In our short term training study, we observed that whole body
fat oxidation, measured by indirect calorimetry during a three-
hour cycling test, was not (yet) changed. It is conceivable that
changes on whole body level are not yet detectable, even though
adaptations on subcellular (muscular) level already occurred. We
here examine the effect of the acute exercise and the two week
training intervention on gene expression of marker genes with a
recognized key role in the skeletal muscle metabolic pathways
for fat oxidation.

In addition, markers of glucose metabolism were also investi-
gated to examine whether two weeks of training already im-
proved glucose metabolism.

Methods

Subjects
Nine young, untrained and healthy male subjects (age [y] [mean
± stdev.]: 23.3 ± 3.2; body mass [kg] [mean ± stdev.]: 73.2 ± 2.6;
BMI [kg/m2] [mean ± stdev.]: 22.6 ± 2.6; maximal power output
[Wmax] [W/kg] [mean ± stdev.]: 3.8 ± 0.6; maximal oxygen uptake
[V̇O2max] [l/min] [mean ± stdev.]: 3.54 ± 0.55) participated in this
study. Subjects were recruited by advertisement and were ex-
cluded from participation if they had performed aerobic exercise
competitively for more than three months or were still exercis-
ing on a regular basis. The institutional Medical Ethics Commit-
tee approved the study. Subjects gave their written informed
consent after the nature of the procedure was explained.

Experimental protocol
A week preceding the experimental trial, an incremental test to
determine Wmax and V̇O2max was performed, which was repeated
in the week after the experimental trial.

The set up of the trial was as follows. Days 1– 3 formed a stan-
dardization period, during which a standardized diet was provid-
ed and subjects refrained from exercise. In the afternoon of day 3,
a three-hour cycling test was performed, where subjects cycled

at 40% of their predetermined Wmax. Muscle biopsies were taken
from the vastus lateralis muscle before and after exercise and im-
mediately frozen in liquid nitrogen. Biopsy samples used for im-
muno-fluorescence assays were embedded in Tissue-Tek (Sakura
Finetek, Zoeterwoude, The Netherlands) and frozen in liquid ni-
trogen-cooled isopentane. Subjects then participated in a train-
ing program with a mixture of endurance- and interval training.
Resting days were incorporated on day 4 and 10. Days 15 to 17
were again used as a standardization period, with the same stan-
dardization diet as on day 1 to 3 and with subjects refraining
from exercise. In the afternoon of day 17, subjects again cycled
for 3 hours at 40% Wmax. Again, biopsies were taken from the
vastus lateralis muscle before and after exercise and immedi-
ately frozen.

Diets
The macronutrient composition of the diets during the three-day
standardized period was such that 30% of the energy was con-
sumed as fat, 55% as carbohydrate and 15% as protein. Subjects
were given a fixed amount of food (1.65 times the basal metabol-
ic rate based on Harris and Benedict equations [18]) and were
asked to eat all the food provided, and nothing else. The diet con-
sisted of breakfast, lunch, ready to use dinner and snacks.

The fat intake was (mean ± stdev.): 103 ± 8 g and 100 ± 5 g on the
first two days and 54 ± 6 g on the third (half) day. The last meal
before the exercise test consisted of sandwiches and provided
(mean ± stdev.) 3399 ± 174 J of energy, 30 ± 3 g of fat, 112 ± 7 g of
carbohydrate and 25 ± 0 g of protein.

Procedures
Incremental maximal test
A week preceding the trial, the maximal performance (Wmax) and
the maximal oxygen consumption (V̇O2max) were determined. To
this end, workload and oxygen consumption (Oxycon-β, Mijn-
hardt, Mannheim, Germany) were registered during an incre-
mental exhaustive incremental exercise test on an electronically
braked cycle ergometer (Lode, Groningen, The Netherlands).

Three-hour cycling test
The exercise test consisted of three hours of cycling on an elec-
tromagnetically braked ergometer at an intensity of 40% of the
predetermined Wmax. To facilitate the completion of the exercise
test, subjects twice received 125 ml of a maltodextrine drink (Ex-
tran Fresh Citrus; 131 kJ/31 kcal, 7,9 g CHO, 0 g proteins and lipids
per 100 ml) during the second half of the test (at t = 90 min. and
t = 135 min.). Subjects were allowed to drink water ad libitum
during the whole test.

Training program
From day 5 to 14, subjects reported to the laboratory daily to fol-
low supervised training sessions on cycle ergometers, except for
the resting day on day 10. Training consisted of alternating days
of interval- and endurance training and always started with 7.5
minutes of warming up at 40% Wmax and ended with 7.5 minutes
of cooling down at 40% Wmax. On days 5, 7, 9 and 11, cycling inter-
val training was performed, which consisted of 45 minutes of al-
ternating three minutes intervals at 70% Wmax and 35% Wmax. At
days 6, 8, 12 and 14, exercise consisted of 35 minutes at 55%
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Wmax, followed by 35 minutes at 50% Wmax, and 35 minutes at
45% Wmax, for a total duration of 120 minutes.

Muscle biopsy sampling and analysis
Muscle biopsies were taken from the mid-thigh region from M.
vastus lateralis according to the technique of Bergström [8]. The
biopsy was used for isolation of total RNA using the acid phenol
method of Chomozynski & Sacchi [12], with acid Phenol extrac-
tion and Ethanol precipitation. The mRNA levels of lipoprotein
lipase (LPL), hormone-sensitive lipase (HSL), hexokinase II
(HKII), glucose transporter-4 (GLUT-4) and acetyl CoA carboxy-
lase (ACC2) were quantified by RT-competitive PCR [4]. For the
assays, the reverse transcription reaction was performed from
0.2 μg of skeletal muscle total RNA in the presence of a thermo-
stable reverse transcriptase (Tth, Promega, Madison, WI, USA)
by use of one of the specific antisense primers. The competitive
PCR assays were performed as previously described [3,29, 32].
To improve the quantification of the amplified products, fluo-
rescent dye-labeled sense oligonucleotides were used. The PCR
products were separated and analyzed on an ALFexpress DNA
sequencer (Amersham Pharmacia Biotech, San Francisco, CA,
USA) with the Fragment Manager Software. Total RNA prepara-
tions and RT-competitive PCR assays of all four skeletal muscle
samples from the same individual (before and after exercise and
before and after training) were performed simultaneously.

Subcellular localization of GLUT-4 was performed by indirect
immuno-fluorescence assays using an affinity-purified polyclo-
nal rabbit antibody (GLUT4-BW) [10]. In short, multiple serial
sections (5 μm) from biopsies were collected and thaw mounted
together on uncoated glass slides. After methanol/aceton fixa-
tion, the sections were incubated with the primary and appro-
priate secondary antibodies with multiple PBS washing steps
in between. We determined sarcolemmal and sarcoplasmatic
GLUT-4 content and the basement membrane protein laminin
(2E8, Dev. Hybridoma Study Bank, Iowa City, IA, USA) was used
to identify the cellular border. The antibodies against GLUT-4
and laminin were used simultaneously in a double-staining.
Stained sections were examined using a Nikon E800 fluores-
cence microscope (Uvikon, Bunnik, The Netherlands). All sam-
ples from the same individual were treated identically with re-
gard to dilution of the antibody, incubation time and camera
settings (exposure time and gain). Quantitative image analysis
was performed by using LUCIA G/F image analysis software (Ni-
kon, Düsseldorf, Germany). Using the laminin staining, a binary
overlay was created by interactive thresholding. The binary was
used to measure the intensity of the RGB signals from individual
muscle fibers. A second binary was created by stepwise eroding
the first binary from the edges, so that this second binary could
be used to measure the intensity from the cytosol of the indi-
vidual muscle fibers. In this way we were able to compute the
ratio of GLUT-4 present in the sarcolemma over the GLUT-4
present in the sarcoplasma.

Due to insufficient quality of some coupes, coupes from only six
subjects could be analyzed.

Statistics
Results are reported as mean ± standard error of the mean (SEM).
Statistical analyses were performed with SPSS for Windows 10.0.0

software (SPSS Inc., Chicago, Illinois, USA). Differences before and
after training and before and after exercise were detected with
paired student t-tests. Results were considered significant if
p < 0.05.

Results

Earlier analysis
The following data was reported earlier: Blood samples were tak-
en before and after training in the fasted state and during exer-
cise, substrate oxidation was measured during exercise, insulin
sensitivity was measured before and after training, using an in-
sulin tolerance test and IMCL content was determined using pro-
ton magnetic resonance spectroscopy [40].

Fat oxidation gradually increased and carbohydrate oxidation
decreased during the three-hour cycling test. There were no sig-
nificant differences in the total fat- and carbohydrate oxidation
after training compared to before training [40].

Before training, the three-hour cycling test decreased the IMCL
signal by 14 ± 3% (p < 0.01). After training, the decrease in IMCL
content during the three-hour cycling test was similar (14%
± 9%), but this decrease did not reach significance. Training in-
creased the IMCL content significantly by 42 ± 14% (IMCL content
was 0.35 ± 0.02% and 0.49 ± 0.04% of the water reference signal,
before and after training respectively) [40].

Gene expression
ACC2 mRNA tended to decrease during the three-hour cycling
exercise after training (– 24.4%, [p = 0.06]) but not before train-
ing. Pre-exercise ACC2 mRNA concentrations were significantly
decreased by 29.1% after training (p = 0.016) (Fig. 1 a).

HSL mRNA concentrations decreased with acute exercise after
training (– 37.3%, p = 0.002), but not before training. Pre-exercise
HSL mRNA concentrations were unchanged after training
(Fig. 1 b).

LPL mRNA concentrations tended to increase with acute exercise
before training (+ 42.4%, p = 0.05), but not after training and pre-
exercise LPL mRNA concentrations did not change with training
(Fig. 1 c).

HKII mRNA concentrations increased with the three-hour cycling
exercise before training (+ 72.5%, p = 0.03), and tended to in-
crease after training (+ 99.3%, p = 0.05) (Fig. 2 a), but pre-exercise
values did not differ before and after training.

GLUT-4 mRNA concentrations remained unchanged with acute
exercise and with training (Fig. 2 b).

GLUT-4 association with the membrane
GLUT-4 association with the membrane increased by 17% in re-
sponse to acute exercise after training (p = 0.015) and tended to
increase by 8% before training (p = 0.09). After training, not
more GLUT-4 was associated with the membrane than before
(Fig. 3).
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Discussion

It has been suggested that IMCL content is a marker of insulin re-
sistance [16,23, 27,34], however, there is accumulating evidence
that not the IMCL but rather intermediates of fat oxidation, such
as Acyl-CoA and diacylglycerol (DAG), interfere with insulin sig-
naling [14,24]. If this holds true, the balance between oxidative
capacity and availability of FA is an important determinant in
the development of insulin resistance. In line with this are recent
results showing that overexpression of CPTI in myotubes increas-
es β-oxidation and simultaneously increases insulin sensitivity
without changing triglyceride content [35]. We reported earlier
that a two-week training program increased IMCL content with
a tendency towards improved insulin sensitivity. However, no
change in whole body fat oxidation was detected. To examine
whether an adaptive response was detectable on muscular level,
marker genes for fat oxidation were investigated in biopsy sam-
ples. To this purpose mRNA concentrations of ACC2, HSL and LPL
were quantified.

ACC2 mRNA concentration tended to decrease in response to
acute exercise after training and decreased in response to train-
ing, in the present study. ACC2 has been suggested to control the
rate of fatty acid oxidation in muscles [1], where it catalyses the
carboxylation of acetyl-CoA to form malonyl-CoA which inhibits
carnitine-palmitoyl-transferase I (CPTI). CPTI catalyses the con-
jugation of acyl-CoA to carnitine, a process which is mandatory
for the transport of long chain fatty acids into mitochondria. This
step has been shown to be rate-limiting for fatty acid oxidation
and therefore, the activity of CPTI plays a regulatory role in fat
oxidation. Therefore, ACC2 has been suggested to play a pivotal
role in the inhibition of fat oxidation. This notion is substantiated
by observations in ACC2 knock-out mice showing 30% higher fat
oxidation rates compared to wild-type mice [2]. In accordance,
albeit at the mRNA level, we recently showed that three months
of low intensity training decreased ACC2 mRNA levels by 36% ac-
companied with increased fat oxidation [39]. Therefore, the ten-
dency of ACC2 mRNA concentration to decrease with acute exer-

Fig. 2 a and b Muscle mRNA concentrations of HKII (a) and GLUT-4
(b) during training study, n = 9. * Significantly different from before ex-
ercise.

Fig. 3 Association of GLUT-4 with the membrane during training
study (ratio of signal intensity at membrane over signal intensity in cy-
tosol), n = 6. * Significantly different from before exercise.

Fig. 1 a to c Muscle mRNA concentrations of ACC2 (a), HSL (b) and
LPL (c) during training study, n = 9. * Significantly different from before
exercise, # Significantly different from before training.
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cise after training indicates that a single endurance exercise ses-
sion can already trigger the adaptive gene-regulatory response
resulting in improved fat oxidative capacity which is a character-
istic adaptation following consecutive bouts of endurance exer-
cise. Although we did not (yet) find significant changes in whole
body fat oxidation with the current training protocol of two
weeks [40], the lowered ACC2 gene expression after training in-
dicates that the initial steps towards improved fat oxidation are
detectable at a cellular level within two-weeks of exercise train-
ing. The cumulative effect of acute exercise, performed daily dur-
ing two weeks, seems to produce a true training effect, still
measurable more than 48 hours after the last exercise bout.

While the decrease in ACC2 mRNA suggests increased fat oxida-
tion, it does not give hints towards the source of the fat used. LPL
is necessary to take up and hydrolyze VLDL from plasma [30] and
therefore, LPL gene expression can be used as a marker for VLDL
lipid oxidation. LPL mRNA concentrations tended to increase
after acute exercise before training in the current study, but the
short term training program did not yet result in detectable
changes in LPL gene expression. We previously showed that after
three months of training, LPL mRNA content tended to be in-
creased [39]. This is in accordance with higher LPL mRNA con-
centration in trained subjects [38] and higher LPL activity in ro-
dents after training [5,33]. The present two-week training study
is probably not long enough to induce changes in LPL mRNA con-
tent.

The oxidation of IMCL could be an alternative and directly avail-
able source of fat for oxidation. As in adipose tissue, triglyceride
hydrolysis is catalyzed by HSL. While the regulation of hydrolysis
of IMCL is an emerging field of research, the information about
the regulation of HSL during exercise and the effect of exercise
training is still fragmentary. HSL is thought to regulate the hy-
drolysis of IMCL in skeletal muscle [28, 41] and therefore, it
might be used as a marker of IMCL use. This notion is under-
scored by reports showing HSL activation upon contractile activ-
ity [28, 41].

While Hurley et al. reported increased utilization of intramuscu-
lar triglycerides during exercise in the trained state [21], Berg-
man et al did not find this [7]. In the present study, no change in
HSL mRNA concentration was observed after 2 weeks of endur-
ance training, which is in line with our results from 1H-MRS,
showing that the decrease in IMCL during exercise was similar
before and after the current two week training program. In line
with this are results from rat muscle, showing that HSL protein
content did not change after training [15]. In contrast to what
was anticipated, HSL mRNA concentrations decreased in re-
sponse to acute exercise after the training period. This is surpris-
ing as IMCL content clearly decreased during exercise. This might
suggest that other lipases are involved in IMCL hydrolysis. To our
knowledge there is no other data on HSL gene expression in re-
sponse to acute exercise.

Glucose disposal in response to insulin tended to be improved
after a two-week training period and therefore, we also investi-
gated markers of glucose metabolism. To this end, the expression
of two genes involved in regulatory steps of glucose metabolism,
i.e., GLUT-4, the major glucose transporter in skeletal muscle and

HKII, which catalyzes the phosphorylation of glucose to glucose-
6-phosphate, a rate limiting step for glucose utilization, were ex-
amined.

HKII mRNA increased with acute exercise, which has been re-
ported before [25]. However, this marker of carbohydrate metab-
olism did not change by two weeks of training. GLUT-4 mRNA ex-
pression did not change with acute exercise, however more
GLUT-4 protein was associated with the membrane after exercise
after training. Before training, this effect was present as a ten-
dency (p = 0.09). Others have reported increased GLUT-4 protein
content after training [17,20,26, 36], however the training proto-
cols were longer and/or at a higher intensity than the protocol of
the present study, which might explain why we did not find an
increase of GLUT-4 mRNA in the current study. Richter and col-
leagues investigated the translocation of GLUT-4 to the sarco-
lemma in response to acute exercise with different methodology,
but also found an increased translocation after acute exercise
[37]. However, the authors reported that translocation was di-
minished after 3 weeks of high intensity training, a response that
we did not detect with the current training protocol.

The increased IMCL content after 2 weeks of training, with insu-
lin sensitivity tending to be increased, is paralleled by a decrease
in ACC2 mRNA expression, which indicates increased fat oxida-
tive capacity on muscle level. Therefore, the results of the current
study are in line with the hypotheses that the balance between
FA oxidative capacity and availability is important for insulin
sensitivity of skeletal muscle. Interestingly, it was recently
shown that high-fat feeding to wild type mice resulted in the de-
velopment of a diabetic phenotype, whereas ACC2 knock out
mice were resistant against this high-fat induced obesity and
diabetes [2].Our results are in concordance with an important
role for ACC2 in determining the effect of IMCL on insulin sensi-
tivity. Future research is needed to improve our understanding of
the role that ACC2 is playing in the pathogenesis of diabetes.

In conclusion, the increase in IMCL content after a two-week
training program, which resulted in a tendency of improved in-
sulin sensitivity, was accompanied by molecular adaptations in
muscle to improve fat oxidative capacity.
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