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Abstract During exercise involving a small muscle mass,
peak oxygen uptake is thought to be limited by peripheral
factors, such as the degree of oxygen extraction from the
blood and/or mitochondrial oxidative capacity. Previously,
the maximal activity of the Krebs cycle enzyme oxogluta-
rate dehydrogenase has been shown to provide a quantita-
tive measure of maximal oxidative metabolism, but it is not
known whether the increase in this activity after a period of
training reflects the elevation in peak oxygen consumption.
Fourteen subjects performed one-legged knee extension
exercise for 5–7 weeks, while the other leg remained
untrained. Thereafter, the peak oxygen uptake by the
quadriceps muscle was determined for both legs, and
muscle biopsies were taken for assays of maximal enzyme
activities (at 25°C). The peak oxygen uptake was 26%
higher in the trained than in the untrained muscle (395 vs.
315 ml min−1 kg−1, respectively; P<0.01). The maximal
activities of the Krebs cycle enzymes in the trained and
untrained muscle were as follows: citrate synthase, 22.4 vs.
18.2 μmol min−1 g−1 (23%, P<0.05); oxoglutarate dehy-
drogenase, 1.88 vs. 1.54 μmol min−1 g−1 (22%, P<0.05);
and succinate dehydrogenase, 3.88 vs. 3.28 μmol min−1 g−1

(18%, P<0.05). The difference between the trained and
untrained muscles with respect to peak oxygen uptake
(80 ml min−1 kg−1) corresponded to a flux through the
Krebs cycle of 1.05 μmol min−1 g−1, and the corresponding
difference in oxoglutarate dehydrogenase activity (at 38°C)
was 0.83 μmol min−1 g−1. These parallel increases suggest
that there is no excess mitochondrial capacity during
maximal exercise with a small muscle mass.
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Introduction

Regular endurance training enhances peak oxygen uptake
by muscles, as well as the maximal activities of oxidative
enzymes [19, 36], which leads to improvements in physical
performance and endurance. In whole-body exercise,
maximal oxygen uptake is limited by the capacity of the
heart or more precisely the cardiac output [6, 13], although
it has been argued that cardiac output is not the only
limiting factor in some situations [40]. In contrast, during
exercise involving small muscle groups, peripheral factors,
such as oxygen diffusion and mitochondrial metabolism,
may limit peak oxygen utilisation by the contracting
muscles [34, 35].

The capacity of mitochondrial metabolism is considered
to be regulated by the flux through the Krebs cycle (see
[27]). The first reaction in the cycle is catalysed by citrate
synthase (CS) and is one of the regulatory steps; however,
the enzyme activity is controlled by the availability of the
substrate oxaloacetate. Because this concentration is far
below the Km in muscle, variations in oxaloacetate can
regulate the enzyme activity and also the flux through the
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Krebs cycle (see [27]). Another regulatory step in the
Krebs cycle is the reaction catalysed by oxoglutarate
dehydrogenase (OGDH), but for this enzyme, the
maximal activity in various tissues of experimental
animals was found to be similar to the maximal flux
through the cycle in vivo [14, 31].

In a previous investigation, we found a correlation
between maximal oxygen uptake by the quadriceps muscle
during one-leg knee extension exercise and the activities of
enzymes of the Krebs cycle. However, in agreement with
data from experimental animals, only the maximal activity
of oxoglutarate dehydrogenase could provide a quantitative
assessment of the capacity for oxidative metabolism [9]. In
the present study, the question was asked whether the
increase in oxygen consumption and the associated elevated
flux through the Krebs cycle following a period of training
involve a similar enhancement in oxoglutarate dehydroge-
nase activity.

Intensity and volume play a role in the aerobic training
adaptation in skeletal muscle [12, 17]. Thus, our subjects
performed either very high intensive, high intensive or
moderate intensive training using the one-legged knee
extension exercise for 5–7 weeks. At the end of this
training period, oxygen uptake by the quadriceps muscle
was determined in both the trained and untrained legs
during maximal exercise. Biopsies were taken from the
quadriceps muscle for assays of oxoglutarate dehydroge-
nase activity. In addition, two other enzymes of the Krebs
cycle, citrate synthase and succinate dehydrogenase (SDH),
were assayed, and the fibre type composition and capillary
density in both the trained and untrained legs were
determined. Our hypothesis was that the training-induced
elevation in the activity of oxoglutarate dehydrogenase
would correspond quantitatively to the enhancement in
peak oxygen uptake of a small limb muscle group during
exercise.

Materials and methods

Subjects

The 14 participants, including 13 males and one female,
had a mean age (±SE) of 25±0.9 years, mean height of 185
±1.6 cm and mean weight of 85±3.4 kg. They were all
recreationally active but did not take part in exercise
training on a regular basis. For nine of the male subjects,
maximal oxygen uptake was determined and averaged 48
(range, 39–54)ml kg−1 min−1. The subjects were informed
about the purpose of the study and possible risks prior to
giving their oral consent. The experimental protocol was
approved by the Copenhagen and Frederiksberg Ethics
Committee in Denmark and performed in accordance with

the principles outlined in the Declaration of Helsinki.
Thirteen of the 14 subjects also participated in investiga-
tions described previously [16, 23, 26].

The training protocol

Each subject took part in 3–5 weekly training sessions for
5–7 weeks involving one-legged knee extension exercise
using a modified Monark ergometer that permitted the
exercise to be confined to the quadriceps muscle of the
kicking leg [2]. Straps were placed around the hip joint and
distal part of the upper leg to prevent the use of the trunk.
Five of the subjects performed 1 h of training at
approximately 70% of their pre-determined one-legged
peak work rate five times a week for 5 weeks (submaximal
aerobic training; total training volume, 6,290 kJ, ∼1,260 kJ
per week). Four others trained three times each week for
6 weeks, with each 1-h session consisting of 40 1-min bouts
of exercise at approximately 100% of maximal single leg
oxygen uptake, separated by 30-s rest periods (aerobic
intermittent training; total training volume, 2,500 kJ,
∼420 kJ per week). Another five participants trained on
an average of four times per week for 7 weeks, with each
1-h session consisting of 15 1-min bouts of exercise at 150%
of the maximal single leg oxygen uptake, separated by 3-min
rest periods (anaerobic intermittent training; total training
volume, 2,610 kJ, ∼370 kJ per week). In all three training
regimes, the work rate was increased gradually throughout the
training period, and the contralateral thigh did not perform any
exercise during these same periods.

The experimental protocol

Two days after completion of the training protocol, the
subjects arrived at the laboratory at 8 a.m. following an
overnight fast. While the subject was resting in a supine
position, catheters were inserted into the femoral artery of
one leg (approximately 2 cm below the inguinal ligament)
and femoral vein of both legs (4 cm distal to the inguinal
ligament). Thermistors were placed into both venous
catheters for measurements of blood flow.

After the catheters were positioned, the participants
rested for approximately 30 min in the supine position
before their blood and muscle samples were taken. Muscle
biopsies were obtained from the vastus lateralis in both
legs, employing the needle biopsy technique described by
Bergström [5]. The subjects then moved to the knee
extension chair to perform incremental exercise until
maximal capacity was attained. Nine individuals began at
20 or 30 W for 3 min, followed by an elevation of 5 W
every 30 s, until their maximal work rate (defined as the
highest rate at which the kicking frequency could be kept
above 50 kicks/min) was reached and maintained for at
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least 1 min. Thereafter, following a 15- to 30-min rest
period, exercise with the contralateral leg was commenced.
In five others, exercise started at 50 W for 4 min, followed
by a 10-W increase every 2 min, and the trained and
untrained legs were tested on separate days [23]. In this
case, muscle biopsies were collected on the same day as the
maximal test for that specific leg. The trained and untrained
legs were tested in random order. The two incremental tests
that were utilized are both common in the literature for the
determination of peak leg oxygen uptake. Previous work
has demonstrated that repeated intense knee extension
exercise elicits the same quadriceps muscle peak oxygen
uptake [4], indicating that performing exercise with the
trained and untrained legs on the same day will not
influence peak oxygen uptake.

Blood flow in the femoral vein was monitored repeat-
edly during exercise utilizing the thermodilution technique
described by Andersen and Saltin [2]. To minimize mixing
with blood from the lower leg during measurement of blood
flow and sampling of blood, a cuff was placed just below
the knee of the working leg and inflated to a pressure of
240 mmHg. Towards the end of the incremental exercise
test, repeated blood samples were drawn simultaneously
from the arterial and venous catheters for measurements of
haemoglobin, oxygen saturation (Radiometer OSM-3
Hemoximeter, Copenhagen, Denmark) and oxygen tension
(ABL 30, Radiometer, Copenhagen, Denmark). The oxy-
gen contents of the arterial and venous blood were
calculated from these measurements.

Measurements of muscle mass

In four subjects, the masses of the trained and untrained
quadriceps muscles were determined after the period of
training using magnetic resonance images (MRI) from the
patella to the anterior inferior iliac spine. Twenty-eight scans,
each 3 mm thick, were taken 17.1 mm apart. To calculate the
muscle volume, the area of each scan was multiplied by the
distance between sections, and these results from all scans
were added together to attain the total volume. In nine other
cases, the volumes of the trained and untrained quadriceps
muscles were estimated anthropometrically [22, 24] and
corrected based on a comparison between MRI scanning and
anthropometry with an expected difference of 0–9% [24],
and in one subject, computerized tomography (model
Prospeed VX, General Electric, Paris, France) was employed
[33]. The volume was converted into mass assuming a
specific density of 1.043 kg l−1 [42].

Enzyme activities

For measurements of enzyme activities, the muscle biopsies
were frozen immediately in liquid nitrogen and stored at

−80°C until being weighed and homogenized in ten
volumes of ice-cooled extraction medium (50 mM Tris–
HCl, 5 mM MgCl2 and 1 mM EDTA at pH 8.2) using a
ground-glass homogenizer. The maximal activities of
oxoglutarate dehydrogenase [7], citrate synthase [1] and
succinate dehydrogenase [14] following incubation of the
homogenate with succinate for 30 min at 30°C were
assayed under optimal conditions as described previously.
Measurements were performed in a Beckman DU 640
spectrophotometer at 25°C. The intra-assay coefficient of
variation was 5.5%, 5.0% and 5.4% for oxoglutarate
dehydrogenase, succinate dehydrogenase and citrate syn-
thase, respectively. For comparison to the flux through the
Krebs cycle during maximal exercise, enzyme activities at
38°C were calculated using the Arrhenius equation,
assuming approximately a doubling of activity for every
10°C rise in temperature (see [9]). We estimate the muscle
temperature to be ∼38°C, approximately 0.5°C higher than
the venous temperature [18], which was recorded to be
37.5–38°C.

Histochemical analysis of the muscle

For the histochemical analyses, one portion of the muscle
biopsy was mounted in an embedding medium (Tissue
Tek® O.C.T. Compound) and frozen in isopentane cooled
to its freezing point in liquid nitrogen. Serial 10-μm cross-
sections were subsequently prepared in a cryostat at −20°C,
preincubated at pH 4.3, 4.6 and 10.3 and then stained for
myosin ATPase at pH 9.4 at 37°C [10, 11]. This approach
allows the two major fibre types and two subgroups of fast
fibres (with high myosin ATPase activity) to be distin-
guished from one another. These fibre types were originally
designated as types I, IIA and IIB, but we chose to apply
the new terminology of types I, IIA and IIX, since human
skeletal muscle does not contain the fast type IIB fibres
present in small animals (see [37]). Capillaries were
visualized according to Qu et al. [29]. Fibre type compo-
sition was measured in 13 subjects and capillaries in the
nine subjects from whom sufficient muscle tissue was
available.

Statistical analyses

The values presented in the text are means ± standard errors
of the mean (SE). A one-way repeated measures analysis of
variance (ANOVA) was employed to compare the training-
induced change in circulatory variables, muscle mass and
enzyme activities in the three groups of subjects. When a
significant main effect of training status (trained vs.
untrained leg) was detected, Fisher’s least significant
difference post hoc test was utilized to verify where the
difference occurred. When no significant differences be-
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tween training protocols were detected, Student’s t test for
paired observations was employed for comparisons be-
tween the trained and untrained legs in the whole group of
subjects. Correlations were evaluated utilizing Pearson’s
linear correlation coefficient. A P value less than 0.05 was
considered to be statistically significant.

Results

Peak oxygen uptake

The three different types of exercise employed in the
training, submaximal aerobic, intermittent high-intensity
aerobic and anaerobic training, produced an average
increase of 32% in peak leg oxygen uptake, ranging from
26% in the intermittent high-intensity aerobic exercise to
36% with submaximal aerobic exercise (P>0.05). The
mean peak oxygen uptake in the untrained and trained leg
was 815 and 1,075 ml min−1, respectively. The muscle
mass of the trained leg was 5.8% higher, and the
corresponding elevation in peak oxygen uptake (normalized
to the quadriceps muscle mass) was 26% (19–31% in the
different groups), i.e. 315 and 395 ml min−1 kg−1 in the
untrained and trained legs (Table 1, Fig. 1).

Oxygen uptake by the muscle reflects the flux through the
Krebs cycle, when only glucose or glucose derived from
glycogen is the sole fuel source. This assumption is supported
by the observation that leg respiratory exchange ratio is >1
during exhaustive one-leg knee extension exercise [3].

Complete oxidation of one molecule of glucose produces
two molecules of acetyl-coenzyme A and consumes six
molecules of oxygen. Consequently, the flux through the
Krebs cycle is equal to one third of the oxygen uptake. At a
muscle temperature of 38°C (see “Materials and methods”
section), the volume of 1 mol of oxygen is 25.5 l, according
to the General Law for gases. The difference of
80 ml min−1 kg−1 muscle mass in peak oxygen uptake by
the trained and untrained legs (see above) therefore
corresponds to an alteration of 1.05 μmol min−1 g−1 in the
flux through the Krebs cycle.

Maximal enzyme activities

The maximal activities of the three enzymes of the Krebs
cycle assayed here were increased similarly by an
average of 18–23% in the trained muscle. The values
for oxoglutarate dehydrogenase were 1.88 versus
1.54 μmol min−1 g−1, those for succinate dehydrogenase
were 3.88 versus 3.28 μmol min−1 g−1, and those for
citrate synthase were 22.4 versus 18.2 μmol min−1 g−1 for
the trained versus untrained muscles, respectively (Table 2).
The increase in oxoglutarate dehydrogenase activity,
0.34 μmol min−1 g−1 measured at 25°C, would correspond
to an increase of 0.83 μmol min−1 g−1 in Krebs cycle flux
at 38°C. The increases in succinate dehydrogenase and
citrate synthase activities, 0.60 and 4.2 μmol min−1 g−1,
respectively, correspond to increases in the Krebs cycle
rate of 1.46 and 10.2 μmol min−1 g−1, respectively, at 38°C
(Table 3).

Table 1 Leg blood flow and oxygen uptake (VO2) during maximal one-legged knee extension exercise and quadriceps muscle mass in the
untrained and trained legs

Training regime Leg status Leg blood flow (l min−1) Leg VO2 Muscle mass (kg)

(ml min−1) (ml min−1 kg−1)

Anaerobic intermittent (n=5) Untrained 5.67±0.22 864±71 353±28 2.46±0.10

Trained 7.50±0.43* 1,136±49* 445±28* 2.58±0.15*

Change (%) 32 31 26 4.9

Aerobic intermittent (n=4) Untrained 5.38±0.78 723±114 305±38 2.34±0.09

Trained 6.24±0.91 913±141 362±56 2.53±0.08*

Change (%) 16 26 19 8.1

Submaximal aerobic (n=5) Untrained 5.58±0.61 839±148 284±27 2.86±0.27

Trained 7.47±0.77* 1,142±157* 372±23* 3.03±0.29*

Change (%) 34 36 31 5.9

Whole group (n=14) Untrained 5.55±0.30 815±64 315±18 2.57±0.12

Trained 7.20±0.41** 1,075±71** 395±21* 2.72±0.13**

Change (%) 30 32 26 5.8

Values are presented for the three different training regimes as well as for the total group. Values are the means ± SE with the number of subjects
given in parentheses

*P<0.05, **P<0.01 for the trained versus the untrained leg
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The correlation between the training-induced increase
(i.e. difference between the trained and untrained
muscles) in maximal activity of oxoglutarate dehydroge-
nase and peak oxygen uptake is illustrated in Fig. 2. The
correlation was analysed on 12 subjects (r=0.60, P<0.05).
The values from two subjects deviated considerably from
the others (68 and 0.78, and 51 and 1.04 for peak oxygen
uptake and enzyme activity, respectively) and were
therefore excluded from this analysis.

In agreement with previous observations [9], peak oxygen
uptake and the maximal activities of enzymes in the Krebs
cycle were correlated here. Succinate dehydrogenase (r=
0.59, P<0.05) and citrate synthase (r=0.56, P<0.05) were
analysed for all 14 subjects, whereas oxoglutarate dehydro-
genase was analysed separately for subjects who underwent
the same training programme because of the between-group
difference in the enzyme level (Table 2, Fig. 1), an

observation which we have no obvious explanation for.
The correlation coefficient varied between 0.38 (intermittent
aerobic), 0.52 (intermittent anaerobic) and 0.61 (submaximal
aerobic programme), with the number of subjects in each
group being too small to justify a statistical analysis.

Muscle fibre composition

The training did not significantly alter the proportion of
type I and II fibres in the vastus lateralis muscle, with type I
fibres constituting 49±3.8% and 53±3.6% of the total in
the untrained and trained legs, respectively. However, the
proportion of type IIA fibres was higher (36±2.4% versus
28±1.8%, P<0.05), while that of type IIX fibres was lower
(11±2.1% versus 23±2.8%, P<0.05) in the trained leg.

There were weak correlations between the maximal
activities of oxoglutarate dehydrogenase and the percen-
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Table 2 Maximal enzyme activities in the untrained and trained legs

Training regime Leg status Enzyme activity (μmol min−1 g−1 at 25°C)

Oxoglutarate dehydrogenase Succinate dehydrogenase Citrate synthase

Anaerobic intermittent (n=5) Untrained 1.32±0.23 3.43±0.27 18.5±2.0

Trained 1.61±0.15* 4.33±0.28* 23.9±1.9*

Change (%) 22 26 29

Aerobic intermittent (n=4) Untrained 1.26±0.14 3.37±0.36 19.6±2.4

Trained 1.73±0.08* 3.89±0.13 20.9±1.2

Change (%) 37 15 6.6

Submaximal aerobic (n=5) Untrained 1.99±0.13*** 3.04±0.28 16.8±1.4

Trained 2.27±0.09*, *** 3.42±0.29 22.1±0.9*

Change (%) 14 13 32

Whole group (n=14) Untrained 1.54±0.13 3.28±0.17 18.2±1.0

Trained 1.88±0.10** 3.88±0.17** 22.4±0.8**

Change (%) 22 18 23

Values are presented for the three different training regimes as well as for the total group. Values are the means ± SE with the number of subjects
given in parentheses

*P<0.05, **P<0.01 for the trained versus the untrained leg; *** P<0.01 for between-group difference in the ANOVA
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tages of type I fibres in both the untrained (r=0.47, P<0.1)
and trained muscles (r=0.37, P<0.1), as well as for
succinate dehydrogenase activity and the percentage of
type I fibres in the trained muscle (r=0.46, P<0.1) but not
in the untrained muscle (r=0.14, P>0.05), whereas no
correlations between the maximal activities of citrate
synthase and percentage of type I fibres were detected (r=
0.1, P>0.05, in the untrained muscle and r=0.28, P>0.05,
in the trained muscle).

Muscle capillaries and selected blood and vascular
parameters

In the nine subjects from whom sufficient muscle tissue for
assessment of capillaries was available, the capillary
density was 28% higher in the trained leg (566±68 versus
441±44 capillaries mm−2, P<0.05). The difference in peak
oxygen uptake between the legs in these nine subjects
(77 ml kg−1 min−1) was similar to the corresponding
difference for the entire group (80 ml kg−1 min−1) as was
the relative difference (23% versus 26%, respectively), as
well as the difference in peak blood flow (27% versus
30%). Oxygen extraction (73% versus 74.5%, respectively)
and the arterio-venous oxygen difference (144±3.6 versus

149±2.3 ml l−1) were virtually the same across the
untrained and trained legs.

Additional evidence for the lack of any effect on
oxygen extraction was provided by the values for
femoral venous pO2 and saturation, which were 22.2±
2.7 (untrained) and 21.8±1.9 (trained)mmHg, and 36.9±
2.8% (untrained) and 35.3±3.3% (trained), respectively.
With almost identical relative differences in capillary
density and peak blood flow per unit muscle, the estimated
mean transit times (see [34]) during peak effort were
essentially the same in both legs. Measurements on four
subjects indicated that the mean arterial blood pressure
was the same when the participants exercised maximally
with either leg, trained or untrained, suggesting that the
differences in blood flow and conductance observed were
due to enhanced vasodilation.

Discussion

The major novel finding in the present study was that the
training-induced elevation in the maximal flux through the
Krebs cycle was quite similar when calculated on the basis
of the activity of oxoglutarate dehydrogenase or oxygen
consumption by the maximally exercising muscle. Further-
more, the relative increase in the peak oxygen uptake by the
quadriceps muscle (26%) was similar to the enhancement in
the activities of the Krebs cycle enzymes (18–23%).
Parallel increases in the activities of citrate synthase and
succinate dehydrogenase in the skeletal muscle of experi-
mental animals following prolonged periods of training
have been reported previously [20]. The finding that also
oxoglutarate dehydrogenase activity was increased to a
similar extent differs from the study on rat muscle: after
3 months of endurance training, oxoglutarate dehydroge-
nase activity was elevated to a lesser extent (50%) than the
activities of citrate synthase and succinate dehydrogenase
(100%) [20]. However, no comparison to peak oxygen
uptake was performed in this investigation.

Consistent with our hypothesis, the difference between
oxoglutarate dehydrogenase activity in the trained and

Table 3 Peak oxygen uptake (VO2peak) and the corresponding flux through the Krebs cycle and maximal activities of OGDH, SDH and CS at 38°C
in the untrained and trained legs

Leg status VO2peak (ml min−1 kg−1) Krebs cycle flux (μmol min−1 g−1) Enzyme activity (μmol min−1 g−1)

OGDH SDH CS

Untrained (UT) 315 4.11 3.74 7.97 44.2

Trained (T) 395 5.16 4.57 9.43 54.4

Difference T–UT 80 1.05 0.83 1.46 10.2

These values are the means for 14 subjects

r = 0.60 (P < 0.05)
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untrainedmuscles (0.83 μmol min−1 g−1) was quite similar to
the elevation in the flux through the Krebs cycle calculated
on the basis of oxygen uptake (1.05 μmol min−1g−1). The
enhancement in succinate dehydrogenase activity
(1.46 μmol min−1g−1) was 39% higher, and that in citrate
synthase (10.2 μmol min−1g−1), tenfold higher (Table 3).
These findings confirm our previous conclusion that only the
activity of oxoglutarate dehydrogenase provides a reliable
quantitative measure of the maximal flux through the Krebs
cycle [9]. Excess activity of citrate synthase (15 times)
and succinate dehydrogenase (three times) was also
demonstrated in isolated mitochondria from the human
quadriceps muscle in relation to the rate of oxygen
uptake by the same muscle during maximal exercise [30].
Furthermore, the activity of a respiratory chain enzyme
(cytochrome aa3) was also in considerable excess relative
to maximal oxygen uptake [30].

Peak oxygen uptake in the untrained and trained muscles
was 315 and 395 ml min−1 kg−1, respectively,
corresponding to Krebs cycle fluxes of 4.11 and
5.16 μmol min−1 g−1. These values are quite similar to
the corresponding maximal activities of oxoglutarate
dehydrogenase at 38°C in the untrained (3.74) and trained
muscles (4.57 μmol min−1 g−1). These parallel elevations in
peak oxygen uptake and the activities of Krebs cycle
enzymes after a period of training indicate that the maximal
mitochondrial oxidation equals the peak oxygen uptake and
may limit oxygen uptake during exercise involving a small
muscle mass. The role of mitochondrial metabolism in
regulating peak oxygen uptake can also be examined by
increasing the oxygen supply to the muscle, which should
enhance peak oxygen uptake provided that the enzyme
activities do not limit the maximal flux of the Krebs cycle.
In three studies, the effect of hyperoxia on peak oxygen
uptake during one-leg knee extension exercise has been
investigated. Richardson and colleagues [32] found that the
peak oxygen uptake by the quadriceps muscle increased by
17% and concluded that this uptake is not limited by
mitochondrial metabolism. In contrast, no enhancement in
peak oxygen uptake by the quadriceps muscle during
hyperoxia was detected in two other studies [26, 28]. These
latter reports indicate that during exercise involving a small
muscle mass mitochondrial metabolism is maximal, i.e. that
enhancement of peak oxygen uptake during such exercise
requires more mitochondrial oxidative capacity. There is no
obvious explanation for the divergent effect of hyperoxia in
the former versus the latter two studies. However, when
comparing the effect on trained subjects that was studied
both by Richardson et al. [32] and Mourtzakis et al. [26],
work rate and blood flow at maximal exercise look very
similar in the two studies. This enables a comparison also
between peak oxygen uptake, which in fact was lower in
the normoxic condition in the former study (1.24 vs. 1.34 l

min−1), mainly due to a 6% lower arterial content, and a
similarly lower arterial–venous difference. The higher peak
oxygen uptake during hyperoxia in the study by Richardson
et al. [32] can therefore to some extent be a consequence of
lower oxygen uptake in the normoxic condition.

Regular exercise is known to enhance both the maximal
oxygen uptake and levels of oxidative enzymes in the
exercising muscles [8, 19, 36, 38]. When whole-body
exercise is considered, the effects of endurance training on
central and peripheral parameters differ to a large extent
from what is observed in small limb muscle exercise. For
example, maximal oxygen uptake increased by 19% while
mitochondrial enzymes (succinate dehydrogenase and
cytochrome oxidase) increased by 32–35% following
8 weeks of endurance training (similar training period as
in the present study) [19]. On the other hand, similar
increases in mitochondrial content in the vastus lateralis and
maximal power output during cycling exercise after 6 weeks
of endurance training have been reported [21]. In addition,
the calculated oxygen uptake required to achieve the
observed increase in maximal power output during 30-min
cycling was the same as the observed increase in whole-
body oxygen uptake per kilogramme body mass [21].
However, it should be emphasized that muscle performance
is not equivalent to maximal oxygen uptake. Furthermore,
whole-body maximal oxygen uptake is predominantly
limited by cardiac output, whereas during exercise with a
small muscle group, peripheral factors become most
critical, and the oxygen uptake is primarily limited by
peripheral factors [15, 25, 34].

Despite the considerably lower weekly training volume
in the intermittent high-intensity training groups (370 and
420 kJ vs. 1,260 kJ during submaximal aerobic training),
no significant differences in training response were
detected. The average increase in peak oxygen uptake
varied between 19% and 31%, and the increase in maximal
activity of oxoglutarate dehydrogenase, between 14% and
37% for the three training regimes. Although the number of
subjects participating in the different training programmes
is small, the findings agree with previous reports showing
similar muscular adaptations, including increases in muscle
oxidative capacity and expression of mitochondrial
markers, as well as enhanced maximal oxygen uptake and
performance after high-intensity interval and submaximal
endurance training [12, 17, 39, 41].

Although data are available only on a limited number of
subjects, the parallel elevations in capillary density and
peak blood flow in the trained leg highlight the significance
of an enlarged microcirculatory bed for oxygen delivery in
connection with exercise involving a small muscle group. It
is also noteworthy that, despite the enlarged capillary
surface area and elevation in mitochondrial respiratory
capacity, the degree of oxygen extraction was unaffected,
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i.e. without this training-induced enlargement in capillary
density, oxygen extraction could actually have been
reduced.

In conclusion, the activities of the three Krebs cycle
enzymes citrate synthase, succinate dehydrogenase and
oxoglutarate dehydrogenase were elevated to similar
extents (18–23%) following a period of knee extension
exercise. The increases in peak oxygen uptake and flux
through the Krebs cycle were paralleled by the enhance-
ment in the maximal activity of the regulatory enzyme
oxoglutarate dehydrogenase, suggesting a lack of any
excess mitochondrial oxidative capacity during exercise
involving a small muscle mass.
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