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and enzymes in skeletal muscle of extremely endurance-trained 
men. J. Appl. Physiol. 62(3): 999-1005, 1987.-Substrate utili- 
zation during exercise at 65% of maximal O2 uptake (VO, ,,,) 
and biochemical characteristics of vastus lateralis were com- 
pared between five endurance-trained (T) and five untrained 
subjects (U). The oxidative enzyme activities were 100% greater 
in T than in U, and VO 2 max was 50% higher. A greater propor- 
tion of ATP regeneration occurred through oxidative processes 
in T than in U (smaller leg lactate release and smaller muscle 
lactate accumulation). The respiratory exchange ratio together 
with the local leg respiratory quotient indicated a greater con- 
tribution of fat to oxidative metabolism in T than U (53 vs. 
33%). No difference, however, in the ratio of plasma free fatty 
acid extraction to O2 extraction by the working legs was found 
between T and U. Thus it could be calculated that a greater 
fraction of fat oxidation would have been covered by intramus- 
cular triglycerides in T than in U (34 vs. 15%, P < 0.05). T in 
comparison to U were further characterized by a smaller gly- 
cogen breakdown and a smaller glucose uptake, which may have 
been one contributing factor that prevented the blood glucose 
level from falling in T. The greater leg muscle citrate concen- 
tration in T could have been one factor mediating a lower 
carbohydrate utilization as a response to an increase in the 
relative proportion of fat oxidation. 
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A NUMBER OF STUDIES have shown that endurance train- 
ing results in increased activities of enzymes in the 
tricarboxylic acid cycle, the respiratory chain, and the p- 
oxidation in trained musculature (14). It is also well 
known that an individual’s aerobic working capacity, as 
measured by maximal O2 uptake, is increased by physical 
training and, furthermore, that when exercise at the same 
absolute load is repeated after training lactate production 
is lowered and the respiratory exchange ratio is de- 
creased. This suggests that a greater proportion of the 
energy expenditure is covered by oxidative metabolism 
and that oxidative metabolism, to a greater extent, is 
covered by fat oxidation (21). Less clear-cut results are 
available regarding the effect of training on the relation- 
ship of aerobic to anaerobic metabolism or the relation- 
ship of fat to carbohydrate oxidation when exercise at 
the same relative load (defined as the same fraction of 
the maximal O2 uptake) is repeated after training. Her- 
mansen et al. (11) also showed a decreased respiratory 
exchange ratio at the same relative load, but Henriksson 

(10) did not find a corresponding increase in the net 
uptake (as calculated from leg blood flow and arteriove- 
nous difference) of plasma free fatty acids in a trained 
exercising leg, although the respiratory exchange ratio 
was decreased. It is known, however, that there is a 
simultaneous uptake and release of fatty acids in an 
exercising leg (26, 27) and, consequently, that the arte- 
riovenous difference greatly underestimates the true 
plasma free fatty acid extraction. 

Therefore, the aim of this study was to compare un- 
trained and extremely endurance-trained subjects with 
regard to the leg extraction of plasma free fatty acids. 
This was done by use of a radioisotope-labeled fatty acid 
during prolonged exercise at the same relative load (same 
fraction of maximal 0, uptake). In addition, the net leg 
uptake of blood glucose and the muscle glycogen utiliza- 
tion were measured. The leg substrate utilization was 
related to muscle fiber composition and the activity of 
mitochondrial and glycolytic enzymes. 

METHODS 

Subjects. Two groups of subjects with extremely dif- 
ferent training backgrounds were studied: five endur- 
ance-trained competitive cyclists and five untrained vol- 
unteers. All subjects were fully and fairly informed of the 
purpose of the experiment and the procedures involved 
and of possible risks before giving their consent. Also, 
the subjects were free to withdraw their participation at 
any time. The study was approved by the Ethics Com- 
mittee of the Karolinska Hospital. Means t SD of age, 
weight, and height were for the trained 21 t 3 yr, 66 t 3 
kg, and 178 t 3 cm for the trained subjects and 27 t 3 
yr, 67 t 10 kg, and 182 t 12 cm for the untrained 
subjects. 

Procedures. Maximal 0, uptake (VOW,,,) was deter- 
mined in a preparatory test on an electrodynamically 
braked cycle ergometer according to the criteria of As- 
trand and Rodahl (1) and was 4.81 t 0.47 l/min for the 
trained group and 3.29 t 0.39 l/min for the untrained 
subjects (P < 0.01). Maximal heart rate (HR,,,) was 195 
t 7 and 199 t 14 beats/min for the trained and untrained 
subjects, respectively. The studies were done the morning 
after an overnight fast. Catheters were introduced per- 
cutaneously into the left brachial artery (a) and the 
femoral vein (fv) for blood sampling and into an ante- 
cubital vein for the infusion of [3H]palmitate. At rest O2 
uptake (VO& a-fv differences of blood 02, glucose, and 
lactate, and arterial plasma free fatty acid (FFA) concen- 
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tration were measured, and a muscle biopsy was taken 
percutaneously from vastus lateralis of quadriceps fe- 
moris muscle (2). The subjects exercised at loads chosen 
to correspond to 65% of their vozrnax for 60 min on an 
electrodynamically braked cycle ergometer. Measure- 
ments of Vo2 and a-fv differences were repeated after 15 
and 60 min of exercise. In addition, during the last 
measurement period (after 60 min of exercise) leg FFA 
extraction was estimated from the extraction of [3H] - 
palmitate infused intravenously at constant rate (1.3 
&i/min) for 10 min before the start of blood sampling 
after an initial bolus (10 &i; Ref. 23). Muscle biopsies 
were taken after 15 and 60 min of exercise. 

Analyses. iTog and COZ elimination were measured by 
the Douglas bag technique, and gas analyses were per- 
formed according to Scholander (30). The respiratory 
exchange ratio (R) was calculated. Mechanical efficiency 
in percentage was calculated from the formula 

R 
mechanical work performed (W) x 0.293 - - 

total body VO, (l/min) 

Blood O2 saturation was measured spectrophotometri- 
tally, and O2 content was calculated from the saturation 
and the hemoglobin concentration (3). For the calcula- 
tion of local leg respiratory quotient (RQ), total COe and 
O2 in blood samples were measured in duplicate by the 
Van Slyke method on arterial and venous blood samples 
taken after 60 min of exercise (28). To strengthen the 
methods statistically, mean values of R and leg RQ were 
calculated for each individual. An earlier study showed 
that R and leg RQ did not differ systematically during 
submaximal exercise, thus justifying a mean value cal- 
culation (17). 

Blood glucose and lactate concentrations were ana- 
lyzed on a neutralized perchloric acid extract by fluoro- 
metric methods (13, 25), and plasma FFA concentration 
was determined by the 63Ni method (12). 3H activity in 
the FFA fraction was measured in a Packard liquid 
scintillation spectrometer (model 3375) after separation 
of FFA by thin-layer chromatography. The FFA frac- 
tion was added to a scintillation solution containing 
2,5-diphenyloxazole and p-bis[2-(4-methyl-5-phenylox- 
azolyl)] benzene. 

Calculations. FFA turnover, extraction, and release and 
3H specific activity of FFA were calculated as described 
previously (23, 27). 

fractional extraction of [3H]palmitate 

= a-fv difference of [3H]palmitate/arterial 

concentration of [ 3H]palmitate 

gross extraction of plasma FFA 

= fractional extraction of [3H]palmitate 

x arterial concentration of plasma FFA 

net extraction of plasma FFA 

= a-fv difference of plasma FFA 

release of plasma FFA 

= gross extraction - net extraction 

turnover rate of plasma FFA 

= infusate radioactivity (cpm/ml) 

X infusion rate (ml/min)/arterial 

plasma FFA specific activity (cpm/mmol) 

The expression “gross extraction of plasma FFA” is in 
the abstract and DISCUSSION shortened to “extraction of 
FFA.” 

The resting biopsy was quickly divided into three parts, 
one of which was frozen in isopentane, precooled in liquid 
Nz and used for histochemical analysis of fiber types (4). 
The second part was frozen in liquid N, and, after 
homogenization in a 0.1 M phosphate buffer (pH 7.7), 
was analyzed for succinate dehydrogenase (SDH) accord- 
ing to the principles of Lowry and Passonneau (25) as 
modified by Haggmark et al. (9), 3-hydroxyacyl-CoA 
dehydrogenase (HAD), and 1-phosphofructokinase 
(PFK; Ref. 24). After being frozen in liquid Nz the third 
part was freeze-dried, cleaned of visible fat, blood, and 
connective tissue under a dissection microscope at con- 
stant temperature (21°C) and humidity (30%), and ana- 
lyzed for glycogen, ATP, lactate, glucose 6-phosphate (G- 
6-P), and citrate (25). The biopsies obtained after exer- 
cise were immediately plunged into liquid N2 and ana- 
lyzed for glycogen, ATP, lactate, G-6-P, and citrate as 
described above. 

The results are expressed as means t SD for the 
groups. The statistical significance of the mean differ- 
ences were tested by the Student’s t test. The level of 
statistical significance was set to 95% (P < 0.05). A 
nonsignificant difference is indicated by NS. 

RESULTS 

0, uptake and heart rate. The work load was 229 t 13 
W in the trained subjects and 146 t 21 W in the un- 
trained subjects. Vo2 after 15 min of exercise was 3.00 t 
0.14 and 2.21 t 0.33 l/min (P < 0.01) in trained and 
untrained subjects, respectively, and after 60 min of ex- 
ercise 3.06 t 0.19 and 2.25 t 0.32 l/min (P < O.Ol), 
respectively. After 15 min of exercise VOW corresponded 
to 62 t 6% of Vo, max in the trained subjects and 67 t 
5% in the untrained subjects and after 60 min to 64 t 5 
and 68 t 4%, respectively (NS). 

Heart rate did not differ significantly between the 
groups, either in absolute value or expressed as percent 
of HR,,,. The trained subjects increased from 155 t 10 
beats/min at 5 min to 173 t 8 beats/min after 60 min of 
exercise (79 to 89% of HR,,,) and the corresponding 
increase for the untrained was 163 t 7 to 173 t 15 beats/ 
min (82 to 89% of HR,,,). 

After 15 min of exercise R was 0.84 t 0.05 in trained 
subjects and 0.91 t 0.10 in untrained subjects (NS), and 
after 60 min of exercise it was 0.84 $- 0.04 and 0.90 t 
0.07, respectively (NS). After 60 min of exercise the leg 
RQ was 0.84 t 0.09 in trained subjects and 0.90 t 0.07 
in untrained subjects (NS). The calculated mean for R 
and leg RQ after 60 min of exercise was 0.84 t 0.04 in 
trained subjects and 0.90 t 0.03 in untrained subjects (P 
c 0.05). 

Blood: 02, substrates, and metabolites. At rest the a-fv 
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difference for O2 was 49.3 t 11.6 and 38.5 t 16.3 ml/l in Arterial plasma FFA concentration at rest was 0.651 
the trained and untrained subjects, respectively. During 
exercise the a-fv difference for 0, was greater in the 

t 0.181 in the trained and 0.582 * 0.081 mmol/l in 
untrained subjects. After 60 min of exercise it was 0.696 

trained than untrained subjects. At 15 min of exercise it t 0.266 mmol/l in the trained, which did not differ 
was 173.4 t 9.5 and 148.4 t 15.6 ml/l (P < 0.01) and at significantly from their level at rest, but had increased 
60 min of exercise 181.1 t 6.9 and 159.5 t 16.6 ml/l (P in the untrained to 0.769 t 0.023 mmol/l (P < 0.05). The 
< 0.05)) respectively. total turnover rate, fractional extraction, gross extrac- 

Arterial blood glucose concentration, both at rest and tion, net extraction, and release of plasma FFA at 60 
during exercise, was significantly higher in trained than min of exercise did not differ significantly between the 
in untrained subjects. It increased significantly during two groups (Table 1). 
exercise in the trained (P < 0.05), whereas it decreased Muscle: fiber composition and biochemical data at rest. 
in the untrained subjects (P c 0.05; Fig. 1). The a-fv The trained subjects had a significantly higher fraction 
difference of glucose after 15 min of exercise was of of type I fibers (70 t 11 vs. 40 t 9%) and lower fraction 
similar magnitude in trained and untrained subjects, but of type IIa (26 t 8 vs. 41 t 9%) and type IIb (4 t 4 vs. 
after 60 min of exercise it was 0.08 t 0.16 in the trained 19 t 3%) fibers than the untrained subjects (Fig. 2). 
and 0.27 t 0.80 mmol/l in the untrained subjects (P < SDH and HAD activities were about twice as high in the 
0.05; Fig. 1). 

Arterial blood lactate concentration at rest was signif- 
trained as in untrained subjects, but PFK activity did 
not differ significantly between the groups (Fig. 2). 

icantly higher in the trained than in the untrained sub- Glycogen and citrate concentrations were significantly 
jects. During exercise, however, it increased insignifi- 
cantly in the trained subjects, whereas a pronounced 

higher, and lactate and G-6-P concentrations were sig- 
nificantly lower, in the trained than in the untrained 

increase above resting level occurred in the untrained subjects. ATP concentration did not differ between the 
subjects, ending at a level significantly above that of the two groups (Table 2). 
trained subjects (Fig. 1). The a-fv difference of lactate Muscle: substrates and metabolites during exercise. De- 
after 15 min of exercise was -0.14 t 0.24 in th e t rained crease in glycogen concentration during the 60 min of 
and -0.47 t 0.14 mmol/l in untrained subjects (P < exercise was significantly smaller in trained than in the 
0.05). After 60 min of exercise it was -0.04 t 0.06 and untrained subjects (Fig. 3; P c 0.05). During the first 15 
-0.31 t 0.28 mmol/l, respectively (NS). 

GLUCOSE LACTATE 

Art .conc. mmol~l-l Art.conc. rnrnol~~ 

min the decrease in glycogen concentration was 4.0 t 3.9 
and 8.7 t 2.4 mmol kg dry wt-’ l min-’ in trained and 
untrained subjects, respectively, and from 15 to 60 min 
the corresponding values were 2.1 t 2.2 and 3.4 t 0.5 

0 untrained 
1 

0 15 60mir 

A-fv.mmoW1 

0 15 60min 

0 15 60min 

A-fv. mmoW1 

0 15 60min 

TABLE 1. Plasma FFA concentration, extraction, 
release, and turnover rate at 60 min of exercise 

Variable 

Arterial plasma FFA, mmol/l 
Fractional extraction of 

[3H]palmitate 
Gross extraction of plasma 

FFA, mmol/l 

Trained Untrained P 

0.696kO.266 0.769t0.123 NS 
0.160t0.040 0.121t0.062 NS 

0.109t0.032 0.091t0.037 NS 

Net extraction of plasma FFA, 
mmol/l 

0.036kO.035 0.019t0.046 NS 

Release of plasma FFA, mmol/l 0.073t0.013 0.072&0.044 NS 
Turnover rate of plasma FFA, l.lOt0.25 1.14t0.36 NS 

mmol/min 

Values are means t SD. FFA, free fatty acids; P, significance of 
difference between values for trained and untrained subjects (NS, not 
significant). 

pm01 xgdw x min-1 

art* T 
m trained 

El untrained T x 

SDH HAD PFK 

% 
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FIG. 1. Arterial blood glucose and blood lactate concentration and FIG. 2. Succinate dehydrogenase (SDH), 3-hydroxyacyl-CoA dehy- 
arterial-femoral venous differences (a-fv) of glucose and lactate at rest drogenase (HAD), and phosphofructokinase (PFK) activities (pmo1.g 
and during exercise in untrained (open circles) and trained (filled wet wt-l . min-‘) and percent type I fibers in vastus lateralis of untrained 
circles) subjects. All statistical comparisons are between untrained and and trained subjects. All statistical comparisons are between untrained 
trained subjects: * P < 0.05; ** P < 0.01; *** P < 0.001. and trained subjects: ** P < 0.01; *** P < 0.001. 
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TABLE 2. Muscle metabolites at rest and during exercise 

Variable Trained Untrained P 

Citrate 
Rest 
Exercise, 15 min 
Exercise, 60 min 

1.17t0.32 0.51t0.07 co.01 
1.6620.47 0.78t0.14 co.01 
1.93&0.82 l.Olt0.20 co.05 

Lactate 
Rest 
Exercise, 15 min 
Exercise, 60 min 

ATP 
Rest 
Exercise, 15 min 
Exercise, 60 min 

Glucose 6-phosphate 
Rest 
Exercise, 15 min 

6.Ok1.8 7.9tl.O co.05 
6.6t2.3 37.2217.4 co.01 

10.2t3.6 39.3t15.9 co.01 

25.5k2.0 27.0t2.3 NS 
25.1t2.6 24.0k3.6 NS 
24.3t4.6 20.8k2.5 NS 

1 .OOt0.28 1.58kO.40 co.05 
1.99t1.15 6.03H.25 <O.OOl 

Exercise, 60 min NS 

Values are means t SD expressed as mmol/kg dry muscle. P, 
significance of difference between values for trained and untrained 
subjects (NS, not significant). 

-1 mmolxkg dm 
6001 

2001 \ }284 

1 l trained 

G untrained 

L 
I 1 

Rest 15min 6hmin 
FIG. 3. Muscle glycogen concentration in vastus lateralis at rest and 

during exercise in untrained (open circles) and trained (filled circles) 
subjects. All statistical comparisons are between untrained and trained 
subjects: * P < 0.05; **P < 0.01. 

mmol l kg dry wt-’ l min? The lactate concentration was 
insignificantly increased in the trained but fourfold in- 
creased above initial value in the untrained subjects by 
the end of the exercise period (Table 2). The citrate 
concentration at rest, as well as after 15 and 60 min of 
exercise, was significantly higher in the trained than in 
the untrained subjects, with a similar relative increase 
during exercise in the two groups (Table 2). ATP con- 
centration was significantly decreased at the end of ex- 
ercise in the untrained subjects but not in the trained 
subjects (Table 2). After 15 min of exercise G-6-P con- 
centration was significantly lower in trained than in 
untrained subjects. This difference was almost elimi- 
nated by the end of exercise (Table 2). 

Relationship between blood lactate and muscle enzyme 
levels. There was an inverse correlation between arterial 
blood lactate concentration during exercise and the ratio 
SDH/PFK or the percent type I fibers in biopsies from 
the resting leg muscle (Fig. 4). 

DISCUSSION 

In the present study, loads were selected to correspond 
to 65% of individual Tjo2 max, as determined from a nor- 

ii 1 2 
s SDH/PFK 

;5 O o 
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G 
00 r-O.92 l ** 
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8 
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,- 
I 1 1 I , , 

40 60 80 
%typel 

FIG. 4. Relationship between arterial blood lactate concentration 
during exercise and ratio of succinate dehydrogenase to phosphofruc- 
tokinase (SDH/PFK) or percent type I fibers in vastus lateralis of 
untrained and trained subjects. Significant coefficient of correlation 
(4: *** P c 0.001. 

ma1 relationship between vo2 and load (1). The actual 
relative vo2 during the experiment was found to be 64% 
Of VOZ max in the trained and 68% in the untrained (mean 
of measurements at 15 and 60 min). The insignificantly 
lower relative Voz in the cyclists corresponded to a 
higher mechanical efficiency (22 vs. 19%), not surprising 
considering their bicycle training background. The dif- 
ference in relative VO, was not significant, however, and 
consequently it was possible to compare the groups at 
the same fraction of individual irO, max. Likewise, the 
loads selected also produced the same relative heart rate 
(% of HRmax) in the later phase of exercise in the two 
groups, although the relative heart rate had tended to be 
slightly higher in the untrained subjects in the early 
phase. The work intensity per kilogram active muscle 
(for the calculation of active muscle mass, see below) was 
calculated to be 21 W for both the trained and untrained 
subjects. Thus the subjects were compared at a corre- 
sponding activity level in this respect as well. 

Calculation of active leg muscle mass and leg blood flow. 
The contribution of muscle glycogen to the oxidative 
metabolism, as calculated from R and the glucose extrac- 
tion, gave the values 48% for the untrained and 38% for 
the trained subjects (based on the mean of 15- and 60- 
min exercise values). The rate of total glycogen con- 
sumption in the leg was calculated from R and leg sub- 
strate exchange as follows: the fraction of oxidative me- 
tabolism covered by carbohydrate was estimated from R, 
and the fraction thereof covered by glucose calculated 
from the arteriovenous difference of glucose multiplied 
by the O2 equivalent of glucose. Additional carbohydrate 
oxidized was considered to be glycogen. To this was added 
the additional utilization detected as a venoarterial dif- 
ference of lactate. The total one-leg utilization was then 
calculated taking into account the leg blood flow, 4.3 for 
the untrained and 5.5 l/min for the trained subjects, as 
estimated from pulmonary Vo2 and leg arteriovenous O2 
difference according to Jorfeldt and Wahren (19). This 
gives an absolute glycogen consumption rate of 2.8 (1 
leg) for the trained and 3.0 mmol glucose units/min for 
the untrained subjects. 

From the biopsies the measured mean glycogen con- 
sumption rate per kilogram muscle (between 15 and 60 
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min) was 0.52 for the trained and 0.82 mmol kg wet 
wt.-’ l min-’ for the untrained subjects. Recalculation into 
kilograms of wet weight from measurements in dry 
weight was performed, assuming 77% water in the muscle 
tissue. By dividing the value for one leg glycogen con- 
sumption as estimated above with the measured glycogen 
consum.ption per kilogram muscle, it is possible to make 
an approximate estimation of the active muscle mass if 
it is assumed that glycogen utilization in vastus lateralis 
is representative of the whole active leg musculature. 
The mass would then be 5.4 for the trained and 3.5 kg/ 
leg for the untrained subjects. 

Aerobic vs. anaerobic metabolism. Both smaller muscle 
lactate accumulation in and lactate release from the 
exercising legs in the trained subjects suggest that a 
greater proportion of the ATP regeneration occurred 
through oxidative processes in accordance with previous 
findings (10). 

Plasma FFA vs. intramuscular triglyceride utilization. 
As in previous studies (10, 22), R as well as the leg RQ 
tended to be lower in the trained than in the untrained 
subjects. When R and RQ were combined the difference 
was significant. This suggests a greater contribution of 
fat to oxidative metabolism. A difference in fat oxidation 
could not be explained by a difference in plasma FFA 
utilization, since the FFA extraction did not differ be- 
tween the groups (for explanation see Fig. 5), and, in 
addition, turnover rates of FFA were the same in the 
trained and the untrained subjects. The greater contri- 
bution of fat oxidation in the cyclists must then have 
been met by a greater utilization of intramuscular tri- 
glycerides (TG). As calculated from RQ (combined R 
and leg RQ) and the leg FFA extraction, the oxidation 
of TG would have made a net contribution of 34% in the 
trained and 15% in the untrained subjects of the total 
oxidative metabolism (based on 60-min exercise values; 
for explanation see Fig. 5). These values include a pos- 
sible contribution from plasma. However, previous stud- 
ies strongly indicate that such a contribution is very 
small (26). The rate of muscle consumption was calcu- 
lated using the values given above for the relative con- 
tribution of muscle TG to the oxidative metabolism and 
the calculated leg blood flow values, as will be explained 
below. The one-leg muscle TG consumption was calcu- 
lated to be 0.21 and 0.06 mmol TG/min for the trained 
and the untrained, respectively. From the estimated val- 
ues for the active muscle mass, the TG consumption per 
kilogram active muscle over 60 min of exercise would 
have been 1.8 and 1.3 mmol TG/kg wet wt for the trained 
and the untrained subjects, respectively. Recently, Hur- 
ley et al. (16) showed a greater utilization of muscle TG 
during exercise of the same absolute intensity in the 
trained compared with the untrained state. The above- 
calculated magnitude of TG consumption, i.e., 1.3-1.8 
mmol TG/kg wet wt, during 60 min of exercise is very 
close to that measured in biopsies by others during 
similar type and duration of exercise (5, 16, 31). 

Similar total turnover rates in trained (1.10 mmol/ 
min) as in untrained (1.14 mmol/min), but a 36% higher 
VO, in the cyclists, would suggest either a smaller relative 
contribution of FFA to the oxidative metabolism in the 

mmobl 
-1 

9 

1 

Untrained 

~~~ 
-Lactate / 

-1 JU 

Trained 

Kj=.84' 
.04 

FIG. 5. Estimated contribution of fat and carbohydrate (CHO) to 
oxidative metabolism in untrained and trained subjects at 60 min of 
exercise. RQ indicates mean of respiratory exchange ratio and leg 
respiratory quotient. Height of bars indicates leg O2 extraction [brachial 
arterial-femoral venous (a-fv) difference, 60-min exercise values]. 
Blood glucose and plasma free fatty acid (FFA, 60-min values) contri- 
butions were calculated from measured a-fv differences and O2 equiv- 
alent of substrates (hatched areas of bars). Upper and lower white areas 
of bars represent that relative proportion of total O2 consumption that 
would have been covered by other substrates, i.e., mainly triglycerides 
and glycogen oxidation, respectively. Dotted areas indicate lactate 
release (a-fv difference at 60 min of exercise). All statistical compari- 
sons are between untrained and trained subjects: * P < 0.05. Star above 
bar for trained subjects denotes a significant difference in leg O2 
extraction between trained and untrained subjects. 

trained group or that fatty acids had been mobilized for 
a purpose other than oxidation in the untrained group. 
The leg uptake of FFA was of a magnitude that would 
have covered 18% in the untrained and 19% of the 
oxidative metabolism in the trained subjects. If it is 
assumed that the FFA extraction in the legs is repre- 
sentative for the total working muscle mass, a total of 
1.06 mmol/min FFA (96% of the FFA turnover) would 
have been taken up in the musculature of the trained 
and 0.74 mmol/min FFA (65% of the FFA turnover) in 
the untrained subjects. Thus, in addition to the differ- 
ence in muscle substrate utilization between untrained 
and trained, these two groups also differ in so far as in 
the trained subjects all the fatty acid mobilized is taken 
up in the working musculature, whereas in the untrained 
only 65% of it is taken up. This value of 65% agrees well 
with what has been found in a previous study of un- 
trained young men exercising slightly longer, 2 h at a 
slightly lower load, 40% of VO, max (20). 

Blood glucose vs. muscle glycogen utilization. The leg 
extraction of blood glucose and the muscle glycogen 
concentration was determined after 15 and 60 min of 
exercise. The rate of muscle glycogen utilization ex- 
pressed per kilogram muscle as measured from biopsies 
was lower for the trained subjects during the whole 
exercise period, although the difference between trained 
and untrained was larger during the first 15 min than 
the rest of the exercise period. It is of note that the 
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preexercise muscle glycogen concentration was -50% 
higher in the trained subjects and that their 60-min value 
was of similar magnitude as the preexercise value for the 
untrained (see Fig. 3). For the untrained, on the other 
hand, the glycogen stores were almost depleted after 60 
min of exercise. Thus the trained subjects not only have 
the advantage of a lower utilization rate but also of a 
higher preexercise concentration of glycogen. One reason 
why the difference between the groups in rate of glycogen 
utilization decreased with time may well have been that 
the untrained subjects approached total depletion. In 
regard to the blood glucose extraction a different time 
course was seen for trained and untrained. After 15 min 
of exercise the a-fv differences were similar for the two 
groups, whereas after 60 min of exercise they had de- 
creased for the trained and increased for the untrained. 
If the leg extraction of blood glucose at 60 min was 
expressed as the fraction of the total oxidative metabo- 
lism that it could have covered, it was 5% for the trained 
and 23% for the untrained subjects. It is possible that 
blood glucose extraction was increased in the untrained 
subjects because of their low muscle glycogen concentra- 
tion. Similar results demonstrating an inverse relation- 
ship between blood glucose extraction and muscle gly- 
cogen concentration have been shown earlier (5, 7). The 
low dependence on blood glucose for muscle substrate 
provision in the trained subjects in the later phase of 
work may have been the reason why they, unlike the 
untrained subjects, were able to maintain, or even in- 
crease, their arterial glucose concentration throughout 
the duration of exercise. 

Oxidative enzymes and substrate utilization. There are 
several reasons to believe that the relatively greater 
proportion of oxidative ATP regeneration in the trained 
subjects could be due to the increased activities of oxi- 
dative enzymes in their leg musculature (8, 15). In the 
present study the activity of SDH was 100% larger in 
the trained than in the untrained subjects at the same 
time that the Vo2 max was only 50% higher. The subjects 
were compared at the same fraction of iTo max. If instead, 
the actual work load is related to the level of oxidative 
muscle enzymes, the relative load would be lower in the 
trained than in the untrained subjects. 

It is less clear, however, why the muscle cell would 
prefer acetyl-CoA derived from fat rather than from 
carbohydrates. In earlier studies the citrate concentra- 
tion in the cytosol has been suggested as a link between 
fat and carbohydrate metabolism by being an inhibitor 
of PFK (6, 29). In the present study both the basal 
concentration of muscle citrate and the absolute increase 
during exercise was higher in the trained subjects (see 
Table 2). Although it was not possible to differentiate 
between intra- and extramitochondrial citrate in the 
present study, part of the measured citrate may have 
been cytoplasmic producing an inhibition of PFK. Earlier 
studies have shown that there is a continuous release of 
citrate from muscle to blood both at rest and during 
submaximal exercise which indicates a citrate exchange 
between mitochondria and cytoplasm (5, 18). An accu- 
mulation of citrate in the cytoplasm, as indicated in the 
present study, would have inhibited PFK, thereby con- 

tributing to further retard carbohydrate relative to fat 
utilization. 
. In conclusion, during exercise at the same fraction of 

vo 2 max a relatively greater proportion of ATP regenera- 
tion occurred oxidatively in the trained than in the 
untrained subjects. Furthermore, the trained subjects 
oxidized more fat in relation to carbohydrates, yet no 
difference was found in the leg extractions of plasma 
FFA. This suggests a greater muscle TG utilization in 
the trained than in the untrained subjects. The resulting 
carbohydrate-sparing effect applied not only to muscle 
glycogen but also to blood-borne glucose, thereby making 
it possible for the well-trained subjects to maintain their 
arterial glucose concentration throughout the exercise 
period. 
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