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Abstract The objective of the present study was to relate
changes in certain muscle characteristics and indicators
of metabolism in response to endurance training to the
concomitant changes in time to exhaustion (Tlim) at a
work rate corresponding to maximal oxygen uptake

_V O2peak

� �
: Eight healthy sedentary subjects pedalled on

a cycle ergometer 2 h a day, 6 days a week, for 4 weeks.
Training caused increases in _V O2peak (by 8%), Tlim

(from 299±23 s before to 486±63 s after training),
citrate synthase and 3-hydroxyl-acyl-CoA dehydroge-
nase (HAD) activities (by 54% and 16%, respectively)
and capillary density (by 31%). Decreases in activity of
lactate dehydrogenase (LDH) and muscle type of LDH
(by 24% and 28%, respectively) and the phosphofruc-
tokinase/citrate synthase ratio (by 37%) were also ob-
served. Respiratory exchange ratio (RER) tended to be
lower (P<0.1) at all relative work rates after training
while the corresponding ventilation rates ( _V E) were
unchanged. At the same absolute work rate, RER and
_V E were lower after training (P<0.05). The improve-
ment of Tlim with training was related to the increases in

HAD activity (r=0.91, P=0.0043), and to the decreases
in RER calculated for Papeak (r=0.71, P=0.0496). The
present results suggest that the training-induced adap-
tations in fat metabolism might influence Tlim at a work
rate corresponding to _V O2peak and stimulate the still
debated and incompletely understood role of fat
metabolism during short high-intensity exercise

Keywords Fat oxidation Æ Respiratory exchange
ratio Æ Time to exhaustion Æ Performance

Introduction

Provided it is sufficiently prolonged and vigorous,
endurance training may induce major adaptations in
skeletal muscle. These include increases in _V O2max,
muscle myoglobin, activities of key enzymes involved in
the respiratory chain, the Krebs cycle and ß-oxidation
[e.g. 3-hydroxyl-acyl-CoA dehydrogenase (HAD)], the
heart-specific isozyme proportion of lactate dehydroge-
nase (H-LDH), capillary supply, muscle glycogen and
fat stores and volume densities of mitochondria
(Holloszy and Coyle 1984; Hoppeler et al. 1985; Ingjer
1979; Kiens et al. 1993; Saltin and Gollnick 1983). An-
other metabolic consequence of endurance training is a
more sparing utilisation of muscle glycogen and blood
glucose, balanced by a lower muscle and blood lactate
accumulation and a greater reliance on fat oxidation
(Bergman et al. 1999a, b; Brooks and Mercier 1994;
Coggan et al. 1995, 2000; Hurley et al. 1984, 1986;
Issekutz et al. 1966; Martin et al. 1993). All these met-
abolic muscle adaptations play a major role during
prolonged exercise and in the endurance improvement
observed after training for moderate-intensity exercise
(Gollnick and Saltin 1982; Holloszy and Coyle 1984;
Saltin and Gollnick 1983). However, it is not so obvious
that these adaptations account for a performance
improvement during short high-intensity exercise. For
instance, the part taken by fat oxidation in the energy
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supply during high-intensity exercise being minor com-
pared to that of carbohydrates (Brooks 1997; Brooks
and Mercier 1994; Jeukendrup et al. 1998; Romijn et al.
1993; Spriet 2002; van Loon et al. 2001), a significant
role played by training-induced alterations in fat
metabolism on the performance improvement during
short high-intensity exercise might seem at first unlikely.
Beside this, previous experiments emphasised relation-
ships between training-induced alterations in blood
lactate kinetics and the concomitant improvement of the
time to exhaustion during high-intensity exercises (De-
marle et al. 2003; Messonnier et al. 2004). However, little
attention has been paid to relate some training-induced
alterations in the muscles involved in exercise to the
concomitant changes in the ability to prolong short
high-intensity exercise, this investigated by considering
the time to exhaustion at a work rate corresponding to
_V O2max.

The aim of the present study was to look for possible
links between changes in certain muscle characteristics
and indicators of metabolism in response to endurance
training to the concomitant changes in time to exhaus-
tion (Tlim) at a work rate corresponding to maximal
oxygen uptake used here as the performance criterion.

Methods

Subjects

Eight healthy sedentary subjects (2 females and 6 males)
participated in the study. Their mean [± standard error
of the mean (SE)] age, body mass and height were
20.8±0.7 year, 68.0±4.0 kg and 175±3 cm, respec-
tively. Before giving their written consent, they were
informed of the nature, the benefits of the study and the
potential risks involved. The experiments received the
assent of the Ethics Committee on Human Research of
Saint-Etienne.

Protocol

The protocol consisted of pre-training, training and
post-training periods. The pre-training period involved
three exercise sessions separated by at least 48 h.

The first test was an incremental exercise test up to
exhaustion. Thirty minutes prior to the measurements, a
biopsy of the vastus lateralis muscle was made. After
10 min of rest on the cycle, the graded exercise started at
40 W for the females and 60 W for the males. After
2 min of cycling at this load, the work rate was incre-
mented every 2 min by 20 W for the females and 30 W
for the males. The exercise was stopped when the sub-
jects were no longer able to sustain the work rate at the
required pedalling frequency. The expired gas was con-
tinuously analysed during the exercise. Capillary blood
samples were drawn from the fingertip within the last
20 s of each step. This first pre-training session was

performed to estimate ventilation rate ( _V E), _V O2, and
RER ( _V CO2/ _V O2) at the different exercise intensities.
Peak oxygen uptake ( _V O2peak), the corresponding power
output (Papeak) and the work rates corresponding to 60,
70, 80 and 90% of Papeak were also determined.

The second session consisted successively of a 15-min
50% Papeak cycling exercise, a 15-min rest period and a
15-min 80% Papeak cycling exercise. _V E and RER
were measured during the fifth ( _V E50 5min, RER50 5min,
_V E80 5min andRER80 5min) and the last ( _V E50 15min, RER50

15min, _V E80 15min and RER80 15min) minute of exercise.
The last pre-training session was performed for the

determination of Tlim. It consisted of a 3-min 40–45%
Papeak warm-up exercise, followed by an exercise at
Papeak until exhaustion. The length of time the subjects
could maintain the prescribed work rate at the required
pedalling frequency was considered as Tlim. A blood
sample was collected from the fingertip 3 min after the
end of the exercise to determine the blood lactate con-
centration (LaTlim

).
The training period consisted of pedalling on the

ergometer 2 h a day, 6 days a week, for 4 weeks. All the
subjects trained at the same relative work rate set at 60–
70%, 70–80% and 80% of the pre-training Papeak for the
first, second and last two weeks of training, respectively.
The subjects were asked to communicate the work rate
and heart rate displayed on the ergometer every 10 min
while exercising as a check of the experimental condi-
tions.

After training, the subjects underwent the same
experimental protocol as they performed during the pre-
training period to assess the adaptations induced by
training. Of note, session 2 was performed at the same
absolute work rate before and after training i.e. at 80%
of the pre-training Papeak, while session 3 was performed
at the same relative work rate before and after training,
i.e. account was taken of the respective pre- and post-
training Papeak values.

Measurements

All the exercise tests were performed in the upright po-
sition on a cycle ergometer (Monark 818E, Stockholm,
Sweden). The instantaneous power output and the
pedalling frequency (set at 75 rpm) were delivered on-
line by a computer device developed in our laboratory.

_V E, _V O2 and RER were measured using a Med-
Graphics CPX/D metabolic system (St Paul, MN, USA).
The RER and _V E versus work rate relationships mea-
sured during pre- and post-training sessions 1 were
plotted for each individual. Since a given relative work
rate does not correspond precisely to an absolute work
rate performed during the test, RER and _V E were esti-
mated at 50%, 65%, 80% and 100% of Papeak by inter-
polation from these relationships (RER50%, RER65%,
RER80%, RER100%, _V E50%, _V E65%, _V E80% and _V E100%,
respectively). Indirect calorimetry for estimating
substrate utilisation is not valid during unsteady-state
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(i.e. high-intensity) exercises. RER80% and RER100% do
not allow estimating the parts of fat and carbohydrate in
the energy supply but were used to compare the effect of
training and for the relationships with Tlim.

Exercise work rate used during training sessions was
determined by linear interpolation of the work rate
versus _V O2 curves, respectively.

Lactate concentrations were measured enzymatically
in hemolyzed blood with a L.A. 640 Kontron lactate
analyzer (Roche Bio-electronics, Hoffman-La Roche,
Basel, Switzerland).

Histochemical and enzyme analysis

Prior to the pre- and post-training periods, biopsies of the
vastus lateralis muscle were taken from the individuals at
rest. Small incisions were made in the skin and fascia
under local anaesthesia. Biopsies were taken with a Weil
Blaskesley forceps. A part of the sample was immediately
stored in liquid nitrogen until analysed for enzyme
activities. The other part was mounted in Tissue-Tek II
O.C.T. compound for histochemical analysis. Cryostat
serial transverse sections (�20�C, 10 lm)were stained for
adenosine triphosphate activity (ATPase) to determine
the muscle fibre composition and for a-amylase periodic
acid Schiff reagent activity to measure the mean cross-
sectional area of each fibre type and to calculate the mean
number of capillaries around each of them. Mean muscle
fibre cross-sectional areas were determined from 20 ran-
domly selected fibres of each type from the ATPase stain
reaction that had been photographically reproduced at a
known magnification. The cross-sectional areas were
measured planimetrically (digitalizing tablet Numonics
2200). For enzyme analysis, samples were freeze-dried,
dissected free of connective tissue and blood and then
powdered. The muscle powder was weighed at room
temperature in a glove box where the hygrometry was
lower than 40%. Tissue was manually homogenized at
4�C in 0.1 M phosphate buffer (pH=8.2) containing 2-
mercaptoethanol (5 mM), NaF (30 mM),MgCl2 (5 mM)
and ATP (0.5 mM). An aliquot of this tissue suspension
was immediately used to measure spectrophotometrically
the activity of phosphofructokinase (PFK, Enzyme
Commission (EC) 2.7.1.11). The remaining aliquot was
stored at�80�Cuntil analysed for the other enzymes. The
activities of citrate synthase (CS, EC 4.1.3.7) and 3-hy-
droxyl-acyl-CoA dehydrogenase (HAD, EC 1.1.1.35)
were determined fluorometrically. The activity of lactate
dehydrogenase (LDH, EC 1.1.1.27) was measured spec-
trophotometrically. LDH isozymes (LDH1, LDH2,
LDH3, LDH4 and LDH5) were separated by polyacryl-
amide gel electrophoresis. The isozyme fractions were
revealed and evaluated by densitometry. H-LDH and
M-LDH activities were calculated as follows: H-LDH=
(LDH1 + 0.75LDH2 + 0.5LDH3 + 0.25LDH4)ÆLDH
andM-LDH=(0.25LDH2+ 0.5LDH3+ 0.75LDH4+
LDH5)ÆLDH. All the enzyme activities were measured at
25�C and are expressed in lmol.min�1 g�1 of dry muscle.

Statistical analysis

Descriptive statistics are expressed as means ± SE.
Differences in pre- and post-training parameters were
sought for by means of the Wilcoxon signed rank test.
Relationships between the different variables were
studied by means of simple, multiple and stepwise linear
regression techniques. Differences between pre- and
post-training values and relationships among variables
were considered to be significant for P £ 0.05 and to
represent a tendency for 0.05< P £ 0.10.

Results

Effects of endurance training

_V O2peak and the corresponding Papeak were improved by
training (Table 1). At the same relative work rates be-
fore and after training, RER tended to decrease while
_V E remained unchanged (Table 1). At the same absolute
work rates, both RER and _V E decreased with training
(Table 1).

Tlim was improved by 63% after training (from
299±23 s before to 486±63 s after training). Mean
LaTlim

was significantly higher before than after training
(15.5±0.5 mmol l�1 vs. 13.2±1.0 mmol l�1, P<0.05,
respectively). Muscle fibre type distribution was not al-
tered by the training regimen (Table 2).

CS and HAD activities were increased by training by
54% and 16%, respectively (Table 2). Decreases in
activity of lactate dehydrogenase (LDH) and muscle
type of LDH and the PFK/CS ratio were also observed
(Table 2). Training caused increases in capillary density
by 31% (from 367±16 to 476±27 mm�2).

Relationship among variables

Figures 1 and 2 show that the intra-individual
improvement of Tlim was related to the training-induced
changes in HAD (r=0.91, P=0.0043) and RER100%

(r=0.71, P=0.0496). There was a tendency towards a
negative relationship between the training-induced
changes in RER100% and those in HAD activity
(r=�0.70, P=0.0786). The training-induced decrease in
RER80 5min was related to the increase of CS activity
(r=�0.91, P=0.0020).

Discussion

In the present study, the training-induced improvement
of Tlim during high-intensity exercise (performed at the
same relative work rate before and after training) was
associated with increases in CS and HAD activities and
capillary density, on one hand, and decreases in RER
at the same absolute and relative work rates, LDH and
M-LDH activities and PFK/CS ratio, on the other
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hand. The unexpected findings of the present study are
the correlations observed between the training-induced
improvement of Tlim and those of HAD activity and
RER100%. No other parameter (alone or in combina-
tion with another one by considering step by step or
multiple regressions) was related to the improvement of
Tlim.

The higher HAD activity after training may indicate
a greater ability to oxidize fatty acids in the trained state
(Gollnick and Saltin 1982). Interestingly, the intra-
individual improvement of Tlim with training was related
to a concomitant training-induced increase in HAD
activity (Fig. 1). This correlation shows that the subjects
who improved their capacity for fat oxidation by train-
ing in a larger extent are also those who improved their

performance during relative high-intensity exercise in the
larger extent. However, a higher HAD activity does not
imply a higher FFA oxidation. Indeed, the limiting en-
zyme of FFA oxidation is not the HAD but the enzyme
that regulates the transfer of fatty acids into the mito-
chondria. However, this first correlation is further sup-
ported by the relationship between the intra-individual
improvement of Tlim with training and the training-in-
duced alterations in RER100% (Fig. 2). Taken together,
these correlations (Figs. 1, 2) suggest that training-in-
duced alterations in fat metabolism might play a role in
the improvement of the time to exhaustion in relative
high-intensity exercise.

The training-induced increase in fat oxidation during
low- and moderate-intensity exercises is well-established

Table 1 Some data obtained before and after 4 weeks of endurance training

Maximal oxygen uptake and corresponding work rate

_VO2peak (ml min�1 kg�1) Papeak (W kg�1)

Pre-training 43.3±1.5 3.19±0.13
Post-training 46.8±1.9* 3.73±0.15**

Ventilatory parameters at the same relative work rate before and after training

_VE50% (l min�1) _VE65% (l min�1) _VE80% (l min�1) _VE100% (l min�1)

Pre-training 37.7±2.9 48.5±3.6 62.6±4.8 102.2±8.8
Post-training 40.9±2.7 52.3±3.7 66.6±5.4 110.0±9.9

RER50% RER65% RER80% RER100%

Pre-training 0.95±0.02 1.02±0.02 1.08±0.02 1.16±0.02
Post-training 0.93±0.01 0.99±0.02 * 1.05±0.02 * 1.13±0.02 *

Ventilatory parameters at the same absolute work rate before and after training

_VE50 5min (l min�1) _VE50 15min (l min�1) _VE80 5min (l min�1) _VE80 15min (l min�1)

Pre-training 44.4±4.2 46.3±4.1 75.7±9.2 86.2±10.5
Post-training 39.8±2.9** 42.4±2.6 62.8±4.8** 66.2.0±5.4**

RER50 5min RER50 15min RER80 5min RER80 15min

Pre-training 1.02±0.01 1.00±0.01 1.11±0.01 1.03±0.01
Post-training 0.91±0.02** 0.93±0.02** 0.98±0.02** 0.97±0.01**

Values are means ± SE. _VO2peak, Papeak, _VE and RER are the
peak oxygen uptake, the corresponding power output, the venti-
lation rate and the respiratory exchange ratio, respectively. _VE and
RER were measured for exercises performed (1) at the same rela-
tive work rates, i.e. at 50%, 65%, 80% and 100% Papeak (session 1)
before and after training ( _VE50%, _VE65%, _VE80%, _VE100%,
RER50%, RER65%, RER80% and RER100%, respectively) and (2)

at the same absolute work rates, i.e. at 50% and 80% of the
pre-training Papeak (session 4), before and after training ( _VE50 5min,
_VE50 15min, _VE80 5min, _VE80 15min, RER50 5min, RER50 15min, RER80

5min and RER80 15min, respectively). Statistical significance between
corresponding values obtained before and after 4 weeks of endur-
ance training (Wilcoxon signed ranked test), * P<0.1 and
** P<0.05

Table 2 Some histological and enzymatic characteristics of the vastus lateralis muscle before and after 4 weeks of endurance training

Fibre type distribution (%) Enzymes activities (lmol min�1 g�1 dry muscle)

ST FTa FTb FTc PFK LDH M-LDH CS HAD PFK/CS

Pre-training 40.4±2.9 31.9±3.4 25.1±3.5 2.6±1.3 3 139±7 1009±134 815±125 18.2±1.3 43.6±1.7 1 8.05±0.86
Post-training 38.1±3.9 34.6±2.7 23.5±1.9 3.8±2.0 2 134±17 765±101* 586±92* 28.1±3.1* 50.5±2.7* 5.05±0.69*

Values are means ± SE. ST, FTa, FTb, FTc are the proportions of
the different fibre types. PFK, LDH, M-LDH, CS and HAD are
the phosphofructokinase, lactate dehydrogenase, M type of lactate
dehydrogenase, citrate synthase and the 3-hydroxyl-acyl-CoA
dehydrogenase activities, respectively. PFK/CS is the ratio between

PFK and CS activities. 1, 2 and 3: number of missing values.
Statistical significance between corresponding values obtained be-
fore and after 4 weeks of endurance training (Wilcoxon signed
ranked test), *P<0.05
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(Hurley et al. 1986; Jeukendrup et al. 1998; Sidossis
et al. 1998; van Loon et al. 1999) as is the low contri-
bution played by fat oxidation in the energy supply
during high-intensity exercise (Brooks 1997; Brooks and
Mercier 1994; Jeukendrup et al. 1998; Spriet 2002; van
Loon et al. 2001). Our purpose is not to challenge this
view. However, does low contribution mean no fat
utilisation at all during 100% _V O2peak exercise and a
functional minor role? The present results seem to
suggest that the training-induced adaptation in the
capacity for fat oxidation might influence exercise
duration during short high-intensity events even if fat
oxidation contributes far less to ATP resynthesis than
carbohydrates. Therefore, the first question to resolve is
whether or not fatty acids oxidation occurs during high-
intensity exercise of short duration. No direct estimates
of fat oxidation can be reliably performed during such a
type of exercise because of technical limitations. Tracer
studies require metabolic steady states which are
reached only during low- to moderate-intensity exer-
cises (Romijn et al. 1992; Sidossis et al. 1998) while the
high variability of triacylglycerol content measured in
repeated human muscle samples indicates that the
biopsy technique is not accurate enough to quantify
decreases in intra-muscular lipid stores during short
exercise (Wendling et al. 1996). However, evidence ex-
ists suggesting that fat oxidation may provide energy
during short and heavy exercise (Essén-Gustavsson and
Tesch 1990; McCartney et al. 1986). Essén-Gustavsson
and Tesch (1990) observed a decrease in muscle trigly-
cerides content after intermittent heavy-resistance
exercise. These authors observed also a strong correla-
tion between muscle triglyceride utilisation and HAD/
CS activity ratio. During four 30-s bouts of maximal
cycling exercise, McCartney et al. (1986) observed no
detectable decrease in muscle glycogen or any increase
in muscle or blood lactate concentration in the third

and fourth bouts of exercise indicating a strong inhi-
bition of glycogenolysis during these periods while the
subjects were still able to sustain approximately 400 W
for 30 s (60% of the total work reported for the first
exercise bout). Taking also into account that venous
plasma glycerol concentrations increased linearly
throughout the exercise to 485% of resting values
without any changes in plasma FFA, these authors
concluded that intra-muscular triacylglycerol stores
contributed to the energy requirements of the repeated
maximal exercises.

The shift from fat to carbohydrate that occurs at high
work rate would be at least partly the result of a failure
of lipolysis to meet the energy demand of the muscle
(Romijn et al. 1995) and supply free fatty acids (FFA) to
the mitochondria. The activity of the hormone sensitive
lipase (HSL) involved in adipose tissue and muscle
lipolysis has been shown to be increased in isolated so-
leus muscles after 1 min and 5 min of electrical stimu-
lation but returned to control levels after 10 min and
60 min of contractions (Langfort et al. 2000), suggesting
that lipolysis is upregulated in the first minutes of
exercise. Also, Watt et al. (2003) found HSL activity to
be increased to a greater extent during high-intensity
(90% _V O2max) compared to low- and moderate-intensity
exercises (30 and 60% _V O2max). It is interesting to note
that exercise duration and intensity for which HSL
activity is enhanced correspond to the characteristics of
time to exhaustion events performed in the present
study.

The role played by fatty acids oxidation during high-
intensity exercise also deserves to be discussed. It is
interesting to note that the present findings are corrob-
orated by a recent study which emphasised the role that
the energy yielded by fat metabolism might play in the
improvement of time to exhaustion. In that study, Billat
et al. (2004) observed an inverse relationship between

Fig. 2 Relationship between training-induced changes in the time
to exhaustion (Tlim in s) at a work rate corresponding to _VO2max

and those in the respiratory exchange ratio estimated at the same
work rate (RER100%). Open symbols women; closed symbols men

Fig. 1 Relationship between training-induced changes in the time
to exhaustion (Tlim in s) at a work rate corresponding to _VO2max

and those in 3-hydroxyl-acyl-CoA dehydrogenase activity (HAD
in lmol min�1 g�1 dry muscle). Open symbols women; closed
symbols men
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Tlim at 85% of _V O2peak and the percentage of energy
yielded by carbohydrates 10 min before exhaustion. In
other words, the greater the energy supplied by fat oxi-
dation during the event, the longer was Tlim, even if fat
metabolism supplied only 15 to 20% of energy during
exercise.

The second question to resolve is whether or not
endurance training increases fat oxidation during rel-
ative high-intensity exercise. In the present study, the
HAD activity, which has been shown to be closely
related to FFA oxidation during exercise at a 65%
relative work rate (Kiens 1997) was higher after
training, suggesting a greater ability to oxidize fatty
acids in the trained state for exercise performed at the
same relative work rate. The RER before significant
lactate accumulation and hyperventilation (conditions
where indirect calorimetry for estimating substrate
utilisation may be valid) tended to be lower at all
relative work rates after training (RER50% and
RER65%, Table 1). RER values estimated at high-
intensity (RER80% and RER100%, see Methods) tended
also to be lower after training (Table 1). It is worth
noting that all these lower RER are associated with
unchanged _V E (Table 1). Thus, a decrease in ventila-
tory output does not account for the altered RER
observed here after training. Furthermore, and even if
the elevated values of RER100% (Table 1) indicate that
there is virtually no fatty acid oxidation during 100%
Papeak exercise, high RER values (>1.0) may not ex-
clude the use of fat as significant fuel source in exercise
associated with lactate production (Jones et al. 1980;
Sidossis et al. 1998). Altogether, these results lend
support for a higher rate of fat oxidation at all relative
work rate after training. This interpretation is in
accordance with the conclusions of Jansson and Kaij-
ser (1987) who found a greater contribution of fat
metabolism during exercises performed at 65% of
_V O2max in trained than in untrained subjects and with
those of Coggan et al. (2000) who observed that the
rate of fat oxidation was more than twice as high in
trained than in untrained subjects during exercise
performed at 75–80% _V O2max (while carbohydrate
utilisation was higher in the trained subjects, 270 ver-
sus 200 lmol min�1 kg�1, due to higher absolute
exercise intensity).

Trained muscles express higher activity of lipopro-
tein lipase (LPL), a greater content of fatty acid
binding protein in the plasma membrane (FATPpm)
and an increased activity of carnitine palmitoyltrans-
ferase (CPT I) (Kiens 1997; Saltin and Åstrand 1993;
Spriet 2002; Van der Vusse and Reneman 1996). These
proteins are involved in the hydrolysis of lipoprotein-
triacyglycerol, in the movement of free fatty acids
across the sarcolemma and in the transport of fatty
acids into the mitochondria, respectively. These results
show that training may favour lipolysis and improves
FFA supply to the mitochondria. In addition to the
higher HAD activity, these adaptations to training may

account for a higher post-training fatty acids oxida-
tion.

The lesser post-training blood lactate accumulation
during Tlim exercise might also contribute to higher fat
oxidation in the trained state. Indeed, lactate is known
to be a strong inhibitor of lipolysis (Boyd et al. 1974;
Issekutz et al. 1975) while the pH decrease associated
with its accumulation produces large reductions in
the activity of CPT I (Starritt et al. 2000). Reciprocally,
high rates of fat oxidation inhibit glycolysis (Newsholme
and Randle 1964; Paul et al. 1966). In that sense, Goe-
decke et al. (2000) have shown a close relationship be-
tween RER at 70% Papeak and blood lactate
concentration. More recently, Achten and Jeukendrup
(2003) observed that accumulation of lactate in plasma
was strongly associated with the reduction in fatty acid
oxidation.

On the other hand, other experiments failed to find
fatty acid oxidation above 85–90% of _V O2max or a
training-induced effect on fat oxidation for exercise
performed at the same relative (65% of _V O2max) work
rate before and after training (Bergman 1999a; Fried-
lander et al. 1999). Therefore, the interpretation pro-
posed above can be challenged. An alternate explanation
for the surprising findings obtained in the present study
would be that the correlations observed are coincidental.
On the one hand, training may induce concomitant
alterations in HAD activity and performance separately.
It is worthy to note that the work rates performed
during the training sessions corresponded closely to
those (namely 60–70% of _V O2max) for which lipid util-
isation is maximal (Romijn et al. 1993; Saltin and Ås-
trand 1993; Spriet 2002). In that case, the increase in
HAD activity would be the result of the training-induced
improvement of the overall oxidative capacity of the
organism which is closely related to the performance. On
the other hand, the training-induced decrease in
RER100% might be explained by a better regulation of
the acid-base balance in relation to the lesser post-
training blood lactate accumulation. The correlation
between the training-induced changes in RER100% and
those of Tlim might illustrate the close relationship be-
tween blood lactate accumulation and Tlim (Messonnier
et al. 2004).

In summary, the training-induced increase in the time
to exhaustion during high-intensity events was associ-
ated with structural and metabolic adaptations
accounting for an improvement of the oxidative
metabolism of the muscles involved in exercise. The in-
crease in Tlim was specifically correlated with changes in
parameters of fat metabolism. Whether these changes
are linked by a cause-effect relationship or are only
coincidental remains to be investigated.
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ance-runners. Pflügers Arch. 447:875–883

Boyd AE, Giamber SR, Mager M, Lebovitz HE (1974) Lactate
inhibition of lipolysis in exercising man. Metabolism 23:531–
542

Brooks GA (1997) Importance of the ‘crossover’ concept in exer-
cise metabolism. Clin Exp Pharmacol Physiol 24:889–895

Brooks GA, Mercier J (1994) Balance of carbohydrate and lipid
utilization during exercise: the ‘‘crossover’’ concept. J Appl
Physiol 76:2253–2261

Coggan AR, Raguso CA, Williams BD, Sidossis LS, Gastaldelli A
(1995) Glucose kinetics during high-intensity exercise in
endurance-trained and untrained humans. J Appl Physiol
78:1203–1207

Coggan AR, Raguso CA, Gastaldelli A, Sidossis LS, Yeckel CW
(2000) Fat metabolism during high-intensity exercise in endur-
ance-trained and untrained men. Metabolism 49:122–128

Demarle AP, Heugas AM, Slawinski JJ, Tricot VM, Koralsztein
JP, Billat VL (2003) Whichever the initial training status, any
increase in velocity at lactate threshold appears as a major
factor in improved time to exhaustion at the same severe
velocity after training. Arch Physiol Biochem 111:167–176

Essén-Gustavsson B, Tesch PA (1990) Glycogen and triglyceride
utilization in relation to muscle metabolic characteristics in men
performing heavy-resistance exercise. Eur J Appl Physiol 61:5–
10

Friedlander AL, Casazza GA, Horning MA, Usaj A, Brooks GA
(1999) Endurance training increases fatty acid turnover, but not
fat oxidation, in young men. J Appl Physiol 86:2097–2105

Goedecke JH, Gibson ASC, Grobler L, Collins M, Noakes TD,
Lambert EV (2000) Determinants of the variability in respira-
tory exchange ratio at rest and during exercise in trained ath-
letes. Am J Physiol 279: E1325–E1334

Gollnick PD, Saltin B (1982) Significance of skeletal muscle oxi-
dative enzyme enhancement with endurance training. Clin
Physiol 2:1–12

Holloszy JO, Coyle EF (1984) Adaptations of skeletal muscle to
endurance exercise and their metabolic consequences. J Appl
Physiol 56:831–838

Hoppeler H, Howald H, Conely K, Lindstedt SL, Claassen H,
Vock P, Weibel ER (1985) Endurance training in humans:
aerobic capacity and structure of skeletal muscle. J Appl
Physiol 59:320–327

Hurley BF, Hagberg JM, Allen WK, Seals DR, Young JC, Cud-
dihee RW, Holloszy JO (1984) Effect of training on blood
lactate levels during submaximal exercise. J Appl Physiol
56:1260–1264

Hurley B, Nemeth P, Martin WH III, Hagberg J, Dalsky G,
Holloszy J (1986) Muscle triglyceride utilization during exer-
cise: effect of training. J Appl Physiol 60: 562–567

Ingjer F (1979) Effects of endurance training on muscle fibre ATP-
ase activity, capillary supply and mitochondrial content in man.
J Physiol 294:419–432

Issekutz B, Miller HI, Rodahl K (1966) Lipid and carbohydrate
metabolism during exercise. Fed Proc 25: 1415–1420

Issekutz B, Shaw WA, Issekutz TB (1975) Effect of lactate on FFA
and glycerol turnover in resting and exercising dogs. J Appl
Physiol 39:349–353

Jansson E, Kaijser L (1987) Substrate utilization and enzymes in
skeletal muscle of extremely endurance-trained men. J Appl
Physiol 62:999–1005

Jeukendrup AE, Saris WHM, Wagenmakers AJM (1998) Fat
metabolism during exercise: a review—part II: regulation of
metabolism and the effect of training. Int J Sports Med 19:231–
244

Jones NL, Heigenhauser GJF, Kuksis A, Matsos CG, Sutton JR,
Toews CJ (1980) Fat metabolism in heavy exercise. Clin Physiol
59:469–478

Kiens B (1997) Effect of endurance training on fatty acid metab-
olism: local adaptations. Med Sci Sports Exerc 29:640–645

Kiens B, Essén-Gustavsson B, Christensen NJ, Saltin B (1993)
Skeletal muscle substrate utilization during submaximal exer-
cise in man: effect of endurance training. J Physiol 469:459–478

Langfort J, Ploug T, Ihlemann J, Holm C, Galbo H (2000) Stim-
ulation of hormone-sensitive lipase activity by contractions in
rat skeletal muscle. Biochem J 351:207–214

Martin WH III, Dalsky G, Hurley B, Matthews D, Bier D, Hag-
berg J, Rogers M, King D, Holloszy J (1993) Effect of endur-
ance training on plasma free fatty acid turnover and oxidation
during exercise. Am J Physiol 265: E707–E714

McCartney N, Spriet LL, Heigenhauser GJF, Kowalchuk JM,
Sutton JR, Jones NL (1986) Muscle power and metabolism in
maximal intermittent exercise. J Appl Physiol 60:1164–1169

Messonnier L, Geyssant A, Hintzy F, Lacour J-R (2004) Effects of
training in normoxia and normobaric hypoxia on the time to
exhaustion at the maximum rate of oxygen uptake. Eur J Appl
Physiol 92:470–476

Newsholme EA, Randle PJ (1964). Regulation of glucose uptake
by muscle. 7. effects of fatty acids, ketone bodies and pyruvate,
and of alloxan-diabetes, starvation, hypophysectomy and
adrenalectomy on the concentration of hexose phosphates,
nucleotides and inorganic phosphate in perfused rat heart.
Biochem J 93:641–651

Paul P, Issekutz B, Miller HI (1966) Interrelationship of free fatty
acids and glucose metabolism in the dog. Am J Physiol
21:1313–1320

Romijn JA, Coyle EF, Hibbert J, Wolfe RR (1992) Comparison of
indirect calorimetry and a new breath 13 C/12 C ratio method
during strenuous exercise. Am J Physiol 263:E64–E71

Romijn JA, Coyle EF, Sidossis LS, Gastaldelli A, Horowitz JF,
Endert E, Wolfe RR (1993) Regulation of endogenous fat and
carbohydrate metabolism in relation to exercise intensity and
duration. Am J Physiol 265: E380–E391

Romijn JA, Coyle EF, Sidossis LS, Zhang X-J, Wolfe RR (1995)
Relationship between fatty acid delivery and fatty acid oxida-
tion during strenuous exercise. J Appl Physiol 79:1939–1945
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