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The metabolic response to a 150 or 400 g 13C-labelled pasta meal was studied for 8 h following
rest or exercise at low or moderate workload (n 6). Following rest, the 400 g meal totally
suppressed fat oxidation (v. 14´1 g following the 150 g meal) and a small amount of glucose was
converted into fat (4´6 g), but fat oxidation remained high in subjects who had exercised
following both the small (21´8 and 34´1 g) and large meal (14´1 and 32´3 g). Exogenous glucose
oxidation was significantly higher in subjects who had remained at rest both following the small
(67´6 g v. 60´4 and 51´3 g in subjects who exercised at low and moderate workloads) and large
meal (152´2 v. 123´0 and 127´2 g). Endogenous glucose oxidation was similar in the three
groups following the 150 g meal (42´3±58´0 g), but was significantly lower following the 400 g
meal in subjects who had exercised at low workload (24´2 v. 72´2 g following rest; P , 0´05�;
and was totally suppressed in those who had exercised at moderate workload. As a consequence,
a larger positive glycogen balance was observed in subjects who exercised before the large meal
(182´8±205´1 g v. 92´4 g following rest; P , 0´05�: Total fat oxidation calculated from 08.00
hours to 20.00 hours was similar in subjects who exercised at low and moderate workloads.
These results indicate that: (1) de novo lipogenesis, which plays only a minor role for the
disposal of an acute dietary carbohydrate load, is totally suppressed following exercise, even
when a very large carbohydrate load is ingested; (2) the reduction in glycogen turnover as well
as a preferential conversion of glucose into glycogen are responsible for the increase in glycogen
stores following exercise; (3) for a similar energy expenditure, exercise at low workload for a
longer period does not favour fat oxidation when the post-exercise period is taken into account.

Stable isotope: De novo lipogenesis: Glycogen stores

Changes in body fat and mass might be more closely
related to changes in fat intake than to changes in energy
intake (JeÂquier, 1992; Flatt, 1995; Proserpi et al. 1997),
since whole-body de novo lipogenesis is small in man
(Acheson et al. 1982, 1984, 1985, 1987; Hellerstein et al.
1996; Hellerstein, 1999), except with prolonged hyper-
energetic diets high in carbohydrates (Acheson et al. 1988;
De Garine & Koppert, 1991; Horton et al. 1995; Calles-
EscandoÂn et al. 1996; Hellerstein et al. 1996; Aarsland et al.
1997). Also, for a given increase in energy expenditure, it
has been suggested that exercise at low workload with a

higher contribution of fat oxidation to the energy yield
could favour reduction in body fat (Thompson et al. 1998).
However, when computing the net effect of exercise on fat
balance, it should be taken into account that fat oxidation
increases following exercise, particularly following exer-
cise at a higher intensity (Broeder et al. 1991), even when
carbohydrates are ingested in the recovery period (Bielinski
et al. 1985; Broeder et al. 1991).

There are, however, no data on the combined effects of
exercise of various intensities and durations on the
metabolic fate of dietary carbohydrates, and on energy
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and substrate balance. In the present experiment energy
expenditure, substrate oxidation, whole-body de novo
lipogenesis, oxidation v. storage of exogenous glucose
and glycogen turnover were followed for 8 h following
small (150 g) and large meals (400 g) of 13C-labelled pasta,
after rest or exercise of different intensities and duration,
but with the same energy expenditure.

Methods

Subjects

The experiment was conducted in three groups of six
healthy sedentary male subjects matched for BMI and
maximum O2 consumption/min (VO2

max; Table 1). The
subjects gave their informed written consent to participate
in the study, which was approved by the Institutional Board
on the use of human subjects in research. All subjects had a
normal fasting plasma glucose concentration (Table 1).
None of the subjects was a smoker, a heavy drinker, under
medication, or had gained or lost weight (more than 2 kg)
over the previous year.

Experimental protocol

The subjects were studied following ingestion of 150 and
400 g pasta (dry weight) in random order, and 2 weeks
apart in order to allow for the tracer to disappear from the
body. For 2 d before each experiment, the subjects were
asked to rest, and were provided with pre-packaged meals
(125 kJ/kg per d; containing (% total energy content) 20
protein, 45 carbohydrate, 35 fat).

The subjects reported to the laboratory at 07.30 hours
following an overnight fast and a standardized breakfast
(approximately 25 kJ/kg; containing (% total energy
content) 13 protein, 45 carbohydrate, 42 fat) taken between
06.30 and 07.00 hours. Subjects in the first group rested for
the entire morning. Subjects in the second group exercised
from 08.00 to 11.00 hours on a cycle ergometer (Ergomeca,
La Bayette, France) at 37´1 (SE 1´7) % VO2

max (72´9 (SE

1´9) W). Finally, subjects in the third group rested from
08.00 to 09.30 hours and then exercised for 90 min (from
09.30 to 11.00 hours) at a workload (57´3 (SE 1´6) %
VO2

max; 153´7 (SE 5´4) W) chosen so that the total energy

expenditure over the 3 h period was similar in the second
and third groups.

Between 11.00 and 12.00 hours the subjects ingested
150 or 400 g pasta (Crealis, Brive, France), containing 111
and 297 g starch, boiled for 7 min in water (100 g pasta/l,
with 7 g table salt/l) and served with steamed onions and
tomatoes with salt and pepper (60 ml/100 g dry pasta). The
small and large experimental meals provided 2500 and
6700 kJ respectively (% total energy content; 83 carbohy-
drate, 16 protein, 1 fat). Approximately 0´55 % of the
semolina in the pasta was derived from durum wheat grown
in an atmosphere containing 0´1 % CO2 artificially
enriched in 13C (13CO2:CO2 approximately 11 %; Euriso-
top, France; actual 13C:C of the grains 11´1%). The average
final 13C:12C in the cooked pasta was +23´6 (SE 0´2) ½ d
13C PDB1 (National Office of Standards; n 36). Examina-
tion of the glucose derived from the pasta, using NMR
spectroscopy of 13C, confirmed that the glucose in the
meals was uniformly labelled with 13C.

Measurements and calculations

O2 consumption (VO2
) and CO2 production (VCO2

) (Tissot
Spirometer; Warren-Collins Inc., Braintree, MA, USA; O2

and CO2 analysers MGA-1100, Marquette Electronics Inc.,
Milwaukee, WI, USA) were measured at regular intervals
(10 min collection periods every 30 min in the morning,
and the first 3 h in the afternoon; every 1 h thereafter).
Protein oxidation and the associated amount of energy
provided were calculated from urea excretion in urine
(Synchron Clinical System, CX7, Beckman, Anaheim, CA,
USA) over the 3 h preceding the meals (at rest or exercise),
and over the 8 h following the meals, and VO2

and VCO2

were corrected for protein oxidation (Livesey & Elia,
1988). The tables developed by Elia & Livesey (1988) were
used for the calculation of glucose and fat oxidation when
the non-protein RQ was less than 1´0, or for the calculation
of glucose oxidation, the amount of glucose converted into
fat, and the amount of fat synthesized, when the non-
protein RQ was larger than 1´0.

The amount of glucose provided from the 13C-labelled
starch ingested that was oxidized was calculated from
13C:12C in expired CO2 (Fig. 1). For this purpose, 80 ml
samples of expired gas were collected in Vacutainers
(Becton Dickinson, Franklin Lakes, NJ, USA). After
removal of N2 and water vapour in liquid N2 (21968C)
and an isopropyl dry ice slush trap (2808C), the 13C:12C
was determined using mass spectrometry (Prism; Micro-
mass, Manchester, UK) and expressed with reference to the
International Standard PDB1 (13C:12C 1´12372 %): ½ d
13C PDB1 � ��Rspl=Rstd�2 1� � 1000; where Rspl and Rstd

are the 13C:12C in the sample and standard respectively.
The amount of labelled glucose (x) oxidized was then
calculated as follows (PeÂronnet et al. 1990):

x � VCO2
��Rexp 2 Rref�=�Rexo 2 Rref��=�k1 � k2�;

where Rexp is the observed isotopic composition of expired
CO2, Rref is the isotopic composition of expired CO2 in the
morning at rest, Rexo is the isotopic composition of the
carbohydrates ingested, k1 is the volume of CO2 provided

Table 1. Characteristics of the healthy sedentary male subjects and
fasting plasma glucose concentration

(Mean values with their standard errors for six subjects per group)

Exercise

Rest
Low

workload
Moderate
workload

Mean SE Mean SE Mean SE

Age (years) 26´3 1´4 23´7 0´8 27´2 1´1
Height (m) 1´81 0´03 1´76 0´03 1´80 0´02
Weight (kg) 75´2 2´6 72´3 3´1 75´4 4´5
BMI (kg/m2) 22´9 0´6 23´5 1´3 23´2 1´1
VO2

max (ml/kg per min) 46´9 1´5 50´9 2´1 50´2 2´0
Plasma glucose (mmol/l) 4´3 0´2 4´3 0´4 4´1 0´2
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by the oxidation of glucose (0´746 l/g), and k2 is the
fractional recovery at the mouth of the CO2 produced in
tissues. When uniformly-labelled glucose is the tracer, the
value of k2 has been estimated at 54 % by Schneiter et al.
(1995). The amount of exogenous glucose oxidized was
also corrected for the oxidation of exogenous 13C-labelled
proteins, assuming that 31 % of the protein ingested was
oxidized (Boirie et al. 1996); 6´3 and 16´7 g for the small
and large meals respectively, which is equivalent to the
oxidation of 7´1 and 18´7 g glucose in terms of CO2

production (protein oxidation yields 0´836 l CO2/g v.
0´746 l CO2/g for glucose oxidation; Livesey & Elia,
1988). The value of Rexo was measured from a 5 g sample
of the cooked pasta ingested in each experiment. After
being dried at 408C, a 0´8 g aliquot was ground and
combusted with CuO (1´5 g; 180 min at 5008C). Following
cryodistillation as described earlier the 13C:12C in the CO2

produced was analysed by mass spectrometry.
The amount of endogenous glucose oxidized was

calculated as the difference between total glucose oxidation
and exogenous glucose oxidation. The amount of exogen-
ous glucose that was converted into glycogen was
estimated as the difference between the total amount
of glucose provided by the meal and the amount of
exogenous glucose oxidized, taking into account the
amount of glucose converted into fat, if any, and assuming
that all the glucose released from the starch had been
absorbed. Experimental data concerning the rate of
absorption of a large carbohydrate load are lacking.
However, Acheson et al. (1982) deemed reasonable the
assumption that glucose from a 479 g carbohydrate meal
was entirely absorbed over 5 h. Finally, based on the

amounts of glycogen stores utilized (endogenous glucose
oxidation) and on the amount of glucose deposited as
glycogen, the net balance of glycogen stores was computed.

Blood samples

Blood samples were withdrawn at regular intervals (260,
0, 60, 120, 180, 360 and 480 min) from an indwelling
catheter (Baxter Health Care Corp., Valencia, CA, USA)
placed in an antecubital vein, immediately before the meal
was ingested, for the measurement of concentrations of
plasma glucose (Sigma Diagnostics; Sigma, Mississauga,
Ontario, Canada) and insulin (KTSP-11001; Immunocorp
Sciences, Montreal, Quebec, Canada).

Statistics

Data are presented values with their standard errors. The
main effects of workload (rest, or low and moderate),
glucose load (150 and 400 g meals) and time, as well as
workload±glucose load±time interactions were tested by
ANOVA with repeated measures on glucose load and
time (Statistica package; StatSoft, Tulsa, OK, USA). The
Newman±Keuls post hoc test was used to identify the
location of significant differences �P , 0´05� when
ANOVA yielded a significant F ratio.

Results

Observation in the morning

Energy expenditure was higher in subjects submitted to
exercise, but was not significantly different for subjects
working at low and moderate workloads (Table 2). Protein
oxidation ranged between 8´4 and 16´4 g, providing
approximately 5 % of the energy yield. Glucose and fat
oxidation were both significantly higher in subjects who
exercised than in subjects who remained at rest �P , 0´05

Table 2. Energy expenditure (EE) and substrate utilization over the
3 h period preceding a small (150 g pasta) or large (400 g pasta)

meal in healthy sedentary male subjects³

(Mean values with their standard errors for six subjects per treatment
group)

Exercise

Rest
Low

workload
Moderate
workload

Meal Mean SE Mean SE Mean SE

EE (kJ) Small 1464´1 15´5 5008´5* 526´3 5244´5* 371´7
Large 1444´8 42´8 4977´8* 647´2 5207´2* 451´9

Proteins (g) Small 11´9 1´4 8´4 1´3 15´7² 0´6
Large 11´1 1´6 13´1 1´5 16´4* 0´6

Glucose (g) Small 41´2 7´2 158´3* 9´0 192´5*² 22´6
Large 39´1 2´3 143´3* 12´4 176´7*² 26´3

Fat (g) Small 13´7 2´4 55´5* 13´3 43´8* 3´2
Large 14´4 0´6 58´4* 13´4 49´2* 3´2

Mean values were significantly different from those for subjects at rest:
*P , 0´05:

Mean values were significantly different from those for the low-workload group:
²P , 0´05:

³ For details of subjects and procedures, see p. 672.

Fig. 1. Isotopic composition of expired CO2 following the small
(150 g pasta; B, O, X) and large (400 g pasta; A, K, W) meals
(ingested between 260 and 0 min) in healthy sedentary male
subjects who rested (B, A) and exercised at low (O, K) or moderate
(X, W) workload in the morning. Values are means with their
standard errors represented by vertical bars for six subjects. For
details of subjects and procedures, see p. 672. Mean values were
significantly different from those pre-ingestion: *P , 0´05: Mean
values were significantly different from those for subjects receiving
the small meal: ²P , 0´05:
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in both cases), and glucose oxidation was significantly
higher in subjects who exercised at moderate workload than
in subjects who exercised at low workload �P , 0´05�:

Energy expenditure and substrate oxidation following the
meal

Respiratory exchanges following the small and large pasta
meals are shown in Fig. 2. Energy expenditure over the 8 h
following the meal was significantly higher (approximately
14±18 %; P , 0´05) in subjects who remained at rest than
in subjects who exercised in the morning, following the
large meal but not the small meal (Table 3). Protein
oxidation was similar in the three groups and was not
modified by the amount of pasta ingested. Total glucose
oxidation was significantly higher following the large than
the small meal in subjects who remained at rest �P , 0´05�;
and was similar in the three groups following the small
meal. In contrast, following the large meal total glucose
oxidation was significantly lower in subjects who exercised
in the morning �P , 0´05�: De novo lipogenesis was
observed only following the large meal in subjects who
remained at rest in the morning, with 13´3 (SE 11´3) g
glucose converted into 4´6 (SE 4´0) g fat. In contrast, fat
oxidation significantly contributed to the energy yield in
the other experimental situations �P , 0´05�; and was
significantly higher in subjects who exercised at moderate
workload in the morning �P , 0´05�:

Exogenous and endogenous glucose oxidation and
glycogen balance

The amount of exogenous glucose oxidized was slightly but
significantly lower �P , 0´05�; while the amount of
exogenous glucose that was deposited in the form of
glycogen was significantly higher �P , 0´05� in subjects
who exercised v. those who remained at rest in the morning,
following both the small and the large meals (Table 3).
Endogenous glucose oxidation was similar in the three
groups following the small meal. In contrast, following the
large meal, when compared with subjects who remained at
rest in the morning, endogenous glucose oxidation was
significantly lower in subjects who exercised at low
workload �P , 0´05�; and was totally suppressed in
subjects who exercised at moderate workload. As a
consequence, the net positive glycogen balance was
markedly and significantly higher in subjects who exer-
cised in the morning �P , 0´05�:

Overall carbohydrate and fat balances

When the small meal was ingested, the net negative balance
of glycogen stores over the period 08.00±20.00 hours
(minus the 1 h meal period) was higher in subjects who
exercised than in those subjects who remained at rest
(Table 4). The balance was positive when the large meal
was ingested, and was smaller in subjects who exercised
compared with those that remained at rest in the morning.
In subjects who exercised in the morning, the negative fat

Fig. 2. Respiratory exchanges at the beginning of the experiment (08.00 hours; 2240 min), and
following the small (150 g pasta; B, O, X) and large (400 g pasta; A, K, W) meals (ingested
between 260 and 0 min) in healthy sedentary male subjects who rested (B, A) and exercised
at low (O, K) or moderate (X, W) workload in the morning. Values are means with their standard
errors represented by vertical bars for six subjects. For details of subjects and procedures, see
p. 672.
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balance was significantly higher than that in subjects who
remained at rest �P , 0´05�; and was similar in subjects
who exercised at low and moderate workloads, and
following the small and large meals. In contrast, in subjects
who remained at rest in the morning, the negative fat
balance was significantly lower following the large meal
than the small meal �P , 0´05�:

Plasma glucose and insulin concentrations

Plasma glucose and insulin concentrations were both
significantly increased above pre-meal values following
ingestion of 150 or 400 g pasta �P , 0´05�; and remained
elevated for 3 h after ingestion (Fig. 3). Peak plasma
glucose concentrations which were observed at the end of
the 1 h meal period were similar following the small (7´0
(SE 0´2) mmol/l) and large meals (7´1 (SE 1´2) mmol/l) in
subjects who had remained at rest in the morning. In

contrast, the values observed in subjects who had exercised
were significantly higher following the large meal (8´9±
9´6 mmol/l) than following the small meal (6´8±7´9 mmol/
l; P , 0´05�: The response of plasma insulin concentration
to the small meal was similar in the three groups. In
response to the large meal, plasma insulin concentration
reached higher values in subjects who exercised at low
workload v. those who remained at rest or exercised at
moderate workload in the morning.

Discussion

The purpose of the present experiment was to describe the
metabolic fate of small and large dietary carbohydrate
loads, and the associated changes in energy expenditure,
substrate utilization, glycogen turnover and fat stores, in
subjects who had previously rested or exercised at either
low or moderate workload. Glucose provided by a starch

Table 4. Glycogen and fat balance over the 12 h observation period after ingestion of a small meal (150 g pasta) or a large meal (400 g pasta) in
healthy sedentary male subjects³

(Mean values with their standard errors for six subjects per treatment group)

Exercise

Rest Low workload Moderate workload

Meal Mean SE Mean SE Mean SE

Glycogen balance (g) Small 251´7 8´2 2152´8² 20´7 2175´2² 25´6
Large 61´7* 12´0 19´9*² 18´8 23´5*² 21´4

Fat balance (g) Small 229´2 4´0 274´7² 8´6 278´0² 4´6
Large 219´1* 1´7 276´7² 9´0 279´5² 5´6

Mean values were significantly different from those of subjects receiving the small meal: *P , 0´05:
Mean values were significantly different from those for subjects at rest: ²P , 0´05:
³ For details of subjects and procedures, see p. 672.

Table 3. Energy expenditure, substrate oxidation and glycogen balance following a small meal (150 g pasta) or a large meal (400 g pasta) in
healthy sedentary male subjects§

(Mean values with their standard errors for six subjects per treatment group)

Exercise

Rest Low workload Moderate workload

Meal Mean SE Mean SE Mean SE

Energy expenditure (kJ) Small 3406´6 130´2 3384´8 154´1 3641´8 178´5
Large 4591´0* 289´0 3728´3² 122´2 4006´4² 139´9

Proteins (g) Small 37´0 3´6 34´6 2´3 36´2 4´3
Large 38´2 4´6 36´6 4´4 33´2 4´1

Total glucose (g) Small 125´6 8´9 108´7 11´7 93´6 5´6
Large 224´3* 18´4 145´6² 6´2 124´9² 18´7

Fat (g) Small 14´1 2´5 21´8 4´7 34´1² 3´1
Large 24´6* 4´0 14´1² 2´1 32´3² 3´7

Exogenous glucose (g) Small 67´6 3´9 60´4² 8´1 51´3² 3´9
Large 152´2* 7´4 123´0*² 6´7 127´2*² 10´2

Endogenous glucose (g) Small 58´0 6´3 45´2 13´1 42´3 5´7
Large 72´2 15´7 24´2² 8´6 22´3*²³ 9´7

Glycogen synthesized (g glucose) Small 55´4 3´9 62´7² 8´1 71´7² 3´9
Large 164´6* 14´2 207´0*² 6´7 202´8*² 10´2

Glycogen balance (g glucose) Small 22´6 8´9 17´4 11´1 29´4 5´6
Large 92´4* 28´7 182´8*² 5´9 205´1*² 18´7

Mean values were significantly different from those of subjects receiving the small meal: *P , 0´05:
Mean values were significantly different from those of subject at rest: ²P , 0´05:
Mean values were significantly different from those of the low-workload group: ³P , 0´05:
§ For details of subjects and procedures, see p. 672.
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meal could be oxidized or stored in the form of glycogen
and/or fat. The respective contributions of these various
metabolic routes, which are critical for the final fat and
body mass balance, could be modified following exercise,
particularly following exercise at a higher workload which
favours glycogen utilization.

Whole-body de novo lipogenesis

Whole-body de novo lipogenesis is a metabolic pathway of
minor importance for the disposal of an acute excess of
dietary carbohydrates in man (Acheson et al. 1982, 1984,
1985, 1988; Hellerstein et al. 1996; Hellerstein, 1999).
Results from the present experiment are in line with these
previous findings. The small meal provided only approxi-
mately 2300 kJ v. an energy expenditure ranging from 3385
to 3642 kJ over the 8 h observation period, and no net de
novo lipogenesis was observed in any of the three groups.
The 400 g meal provided approximately 6700 kJ in the
form of glucose, which was well in excess of the energy
expenditure for the following 8 h period (3728±4591 kJ).
However, a net synthesis of fat was observed in only
subjects who remained at rest, and an average of only
13´3 g glucose (approximately 4 % of the 330 g load) was
converted into 4´6 g fat. When subjects exercised before

the meal, either at low or moderate workload, the small
amount of glucose that was converted into fat in subjects
who remained at rest in the morning was diverted away
from de novo lipogenesis. These results lend further
experimental support to the hypothesis that the develop-
ment of obesity could be more closely related to fat
ingestion than to carbohydrate ingestion in excess of energy
needs (JeÂquier, 1992; Flatt, 1995; Proserpi et al. 1997).
However, ingestion of excess dietary carbohydrates for
several days (Acheson et al. 1988; Horton et al. 1995;
Calles-EscandoÂn et al. 1996, Hellerstein et al. 1996;
Aarsland et al. 1997;) or months (De Garine & Koppert,
1991) has been shown to increase de novo lipogenesis, and
to result in fat deposition. This phenomenon could be
higher in obese v. non-obese subjects (Horton et al. 1995),
and in female subjects during the follicular phase (Faix et
al. 1993). It could also differ from one subject to the other;
in the present study, although the average amount of fat
synthesized was only 4´6 g, large inter-individual differ-
ences were present, with three of the subjects converting up
to 35±45 g glucose into 12±16 g fat.

Exogenous glucose oxidation

Results from the present experiment indicate that the

Fig. 3. Plasma glucose (a,b) and insulin (c,d) concentrations in response to the small (150 g
pasta; B, O, X) and large (400 g pasta; A, K, W) meals (ingested between 260 and 0 min) in
healthy sedentary male subjects who rested (B, A) and exercised at low (O, K) or moderate
(X, W) workload in the morning. Values are means with their standard errors represented by
vertical bars for six subjects. For details of subjects and procedures, see p. 672. Mean
values were significantly different from those pre-ingestion: *P , 0´05: Mean values were
significantly different from those after exercise: ²P , 0´05:
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oxidation of exogenous glucose provided by the starch
increased with the amount ingested, and for a given amount
ingested was lower following exercise (at both low and
moderate workload) than rest.

Several studies on the oxidation of exogenous glucose at
rest have been performed using 13C-labelling (Mosora et al.
1976, 1981; Ebiner et al. 1979; Ravussin et al. 1980;
Krzentowski et al. 1982, 1983; Jandrain et al. 1984;
Acheson et al. 1985; Normand et al. 1992; Schneiter et al.
1995; Burelle et al. 1999), but only two studies have looked
at the effect of a previous exercise period (Krzentowski
et al. 1982; Schneiter et al. 1995). In most of these studies
the amount of exogenous glucose ingested was only 100 g
(Mosora et al. 1976, 1981; Ebiner et al. 1979; Ravussin
et al. 1980; Krzentowski et al. 1982, 1983; Jandrain et al.
1984; Burelle et al. 1999) or lower (Mosora et al. 1981;
Normand et al. 1992), and the amount of exogenous
glucose oxidized was, accordingly, low (11±37 g over a 3±
8 h period). In the present study, following the small meal,
the amount of exogenous glucose oxidized (52´2 g) was
slightly higher. This probably stems from the fact that the
amount of glucose ingested was slightly higher (123 g), and
that the observation period was longer than in most of these
studies. In addition, in all these studies but one (Burelle
et al. 1999) it was assumed that the recovery of 13CO2 at
the mouth was complete and, as a consequence, the
oxidation of exogenous glucose could have been under-
estimated.

Acheson et al. (1985) and Schneiter et al. (1995) are the
only authors who have studied the metabolic fate of a
higher amount of carbohydrates using 13C-labelling. In the
study by Acheson et al. (1985), approximately 500 g
maltodextrins naturally enriched in 13C was provided in
three meals over 5 h. The amount of exogenous glucose
oxidized over the 14 h observation period was 155 g for the
subjects maintained on a mixed diet (31 % of the load).
Results from the present study are in good accordance with
these previous findings, with 123±152 g exogenous
glucose oxidized (approximately 41 % of the load). In the
study by Schneiter et al. (1995), the subjects were fed a
mixed meal (60 kJ/kg with 168 g carbohydrates) following
45 min exercise at 5 km/h and 10 % slope on a treadmill.
Over the following 4 h observation period 74 g exogenous
glucose was oxidized (44 % of the load). However, no
control situation (carbohydrate ingestion following rest)
was included. In addition, it cannot be ascertained whether
the [13C] glucose used as tracer accurately followed the
metabolic fate of the carbohydrate mixture provided by the
meal. Indeed, one technical limitation of performing this
type of study is that large doses of carbohydrates can be
ingested only in a single meal, in the form of starch.
However, labelled starch is not readily available, except for
starch derived from plants with the C4 photosynthetic cycle,
with a comparatively low 13C-enrichment (LefeÁbvre, 1985).
The pasta used in the present study was labelled by using
grains grown in an atmosphere enriched in 13C. This
technique allows uniform labelling of all the organic
constituents of the plant, including starch, at a very high
level, and it can be assumed that the metabolic fates of the
tracer and tracee were similar.

In the present experiment, the amount of exogenous

glucose oxidized following the large meal (123±152 g,
providing 52±54 % of the energy yield) was much higher
than in the study by Schneiter et al. (1995), with ingestion
of 168 g carbohydrates (74 g glucose oxidized), probably
because the amount of starch ingested was also much larger
(297 g) and the observation period was longer (8 h v. 4 h).
In addition, the amount of exogenous glucose oxidized was
lower in subjects who had exercised v. those who had
remained at rest. This might be related to the lower
glycogen stores following exercise, favouring conversion
of glucose into glycogen, thus sparing exogenous glucose
from oxidation.

Glycogen synthesis and breakdown

Large amounts of glycogen could be deposited and
oxidized at the same time following carbohydrate inges-
tion. In the study by Acheson et al. (1985) over the 14 h
observation period following ingestion of approximately
500 g 13C-labelled carbohydrates, 260 g carbohydrates was
oxidized, and 242 g was converted into glycogen �502 2
260 � 242 g�; while at the same time 81 g glycogen was
oxidized (endogenous glucose oxidation). In the more
recent study by Schneiter et al. (1995) 168 g 13C-labelled
carbohydrates was ingested 30 min after exercise. Over the
following 8 h, 74 g exogenous carbohydrates was oxidized,
and 91 g glycogen was synthesized, while 52 g was
oxidized.

Results from the present experiment further indicate that
the level of glycogen stores at the time of the meal modifies
the respective contributions of glycogen synthesis v.
glycogen breakdown (endogenous glucose oxidation) in
the balance of glycogen stores. Indeed, following the large
meal, in subjects who exercised in the morning, glycogen
synthesis was higher, while endogenous glucose oxidation
was lower or suppressed, compared with results in subjects
who remained at rest. The reduction in glycogen turnover
when carbohydrates were ingested following exercise
resulted in a larger positive glycogen balance, which was
about twofold higher in subjects who had exercised than in
subjects who had remained at rest.

Carbohydrate ingestion immediately following exercise
favours glycogen storage (Ivy, 1992). However, few data
show a stimulation of glycogen synthase in this situation
(Ivy & Kuo, 1998). Results from the present experiment
suggest that glycogen accretion when carbohydrates are
ingested following exercise might rather depend on the
inhibition of glycogen phosphorylase and a reduction in
endogenous glucose oxidation. This, in turn, could be due
to the observed increase in fat oxidation, through the
glucose±fatty acid cycle (Randle, 1998).

Thermogenic effect of the pasta meals

One way to dispose of an excess energy intake in the form
of dietary carbohydrates is an increase in energy expendi-
ture due to both the obligatory metabolic cost associated
with the digestion, absorption and storage of carbohydrates,
and a facultative increase in energy expenditure under the
control of the sympathetic system (JeÂquier, 1992). In the
present experiment the energy expenditure observed over
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the 8 h following the small meal was similar in the three
groups. In contrast, following the large meal, the energy
expenditure was significantly lower in subjects who
exercised at low or moderate workload (3728±4006 kJ) v.
those who remained at rest in the morning (4591 kJ; P ,
0´05�: This difference cannot be accounted for by
differences in the obligatory cost associated with glycogen
synthesis (this was actually higher in subjects who
exercised in the morning: 203±207 v. 165 g glucose
converted into glycogen), or de novo lipogenesis, since
the energy cost of converting 13´3 g glucose into fat is only
about 42 kJ (JeÂquier, 1992). It is, therefore, tempting to
hypothesize that ingestion of the meal was accompanied by
a lower facultative increase in energy expenditure in
subjects who exercised v. those who remained at rest in the
morning. This could be due to the fact that in subjects who
had exercised glycogen stores were reduced, allowing for
disposal of a larger portion of the glucose present in the
meal and, thus, reducing the need for disposal through
facultative thermogenesis.

Fat oxidation and overall fat balance

It has been suggested that for the prevention and/or
treatment of obesity low-intensity long-duration exercise
should be favoured in order to increase fat oxidation
(Thompson et al. 1998). However, the net effect of exercise
on body fat balance depends not only on the amount of fat
oxidized during the period of exercise, but also on the
amount oxidized in the recovery period. In the present
experiment, fat oxidation was favoured in the recovery
period following exercise, when compared with the results
in subjects who remained at rest in the morning, as has been
shown by several authors (Krzentowski et al. 1982;
Bielinski et al. 1985; Broeder et al. 1991; Schneiter et al.
1995; Phelain et al. 1997), following the small as well as
the large meal, in spite of the large availability of glucose.
The contribution of fat oxidation to the energy yield
following exercise also increased with increasing workload,
as reported by Broeder et al. (1991). Thus, the compensa-
tory increase in fat oxidation following prolonged exercise
is not blunted by ingestion of carbohydrates, even in large
amounts, particularly when the exercise intensity is
comparatively high.

When the overall fat balance was calculated from 08.00
to 20.00 hours, fat oxidation was similar in the two groups
who exercised following both the small and the large meals
(Table 4). Accordingly, exercise at low workload was not
more efficient than exercise at moderate workload in
reducing body fat.

Plasma glucose and insulin concentrations

The regulation of fat v. glucose oxidation is at least in part
under the control of insulin, which reduces fat mobilization
and oxidation, and which has also been shown to stimulate
hepatic de novo lipogenesis modestly in obese and diabetic
patients (Hellerstein, 1999). In the present experiment, in
subjects who remained at rest suppression of fat oxidation
and the conversion of glucose into fat which was observed
following the large meal were, indeed, associated with a

higher plasma insulin concentration than was observed
following the small meal.

As for the effect of exercise, data from Mikines et al.
(1988a,b) showed an increased insulin sensitivity in man
2 h after a single bout of aerobic exercise, using
euglycaemic hyperinsulinaemic clamp techniques. How-
ever, data from Krzentowski et al. (1982) indicated that
when a 100 g oral glucose load was administered
immediately after exercise, the response of plasma insulin
concentration was similar to that observed following rest,
while the increase in plasma glucose concentration was
much larger. Results from the present experiment following
the small meal (123 g glucose in the form of starch, with a
lower glycaemic index than that of glucose; Truswell,
1992) are in line with these observations by Krzentowski
et al. (1982); although the differences did not reach
statistical significance, the plasma glucose concentration
was consistently higher in subjects who had exercised than
in those who had remained at rest. No data appear to be
available in the literature on a much larger amount of
carbohydrates being ingested immediately following exer-
cise. Results from the present study show that in this
situation the responses of both plasma glucose and plasma
insulin concentrations were higher than those following a
period of rest. However, this did not further promote de
novo lipogenesis, and did not inhibit fat oxidation, which
remained similar to that observed following the small meal.

Protein balance

Protein oxidation was similar in the three groups following
the small and large pasta meals (33´2±38´2 g), and was
lower than the amount of proteins ingested in the large
pasta meal (54 g). This observation is in line with results
from several studies showing that ingestion of a single meal
rich in proteins stimulates net protein synthesis (Boirie et al.
1996; Wagenmakers, 1998). The present data do not allow
speculation about the respective contributions of changes in
protein breakdown v. synthesis in the observed increase in
net protein synthesis following the large meal. These
contributions might be different following exercise v. rest,
since whole body protein turnover might be modified
following endurance exercise (Tipton & Wolfe, 1998).

In conclusion, these results indicate that: (1) de novo
lipogenesis, which plays only a minor role in the disposal
of an acute dietary carbohydrate load, was totally
suppressed following exercise, even when a very large
carbohydrate load was ingested; (2) the reduction in
glycogen turnover, as well as a preferential conversion of
glucose into glycogen, were responsible for the increase in
glycogen stores following exercise; (3) for a similar energy
expenditure, exercise at low workload for a longer period
did not favour fat oxidation when the post-exercise period
was taken into account.

Acknowledgements

This study was supported by grants from the Natural
Science and Engineering Research Council of Canada,
from the Fonds pour la Formation de Chercheurs et l'Aide aÁ
la Recherche of QueÂbec, from the Canadian Fitness and

678 N. Folch et al.

https://doi.org/10.1079/BJN
2001325  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2001325


Lifestyle Research Institute of Canada and from the
Fabricants FrancËais de PaÃtes Alimentaires, Groupe d'InteÂreÃt
Economique: Alimentation Recherche Nutrition (France).
The durum wheat grains intrinsically labelled with 13C were
grown in the Laboratoire de Phytotechnologie of the French
Commission de l'EÂ nergie Atomique (Cadarache, France).

References

Aarsland A, Chinkes D & Wolfe RR (1997) Hepatic and whole-
body fat synthesis in humans during carbohydrate overfeeding.
American Journal of Clinical Nutrition 65, 1774±1782.

Acheson KJ, Flatt JP & JeÂquier E (1982) Glycogen synthesis
versus lipogenesis after a 500 gram carbohydrate meal in man.
Metabolism 31, 1234±1240.

Acheson KJ, Schutz Y, Bessard T, Anantharaman K, Flatt JP &
JeÂquier E (1988) Glycogen storage capacity and de novo
lipogenesis during massive carbohydrate overfeeding in man.
American Journal of Clinical Nutrition 48, 240±247.

Acheson KJ, Schutz Y, Bessard T, Flatt JP & JeÂquier E (1987)
Carbohydrate metabolism and de novo lipogenesis in human
obesity. American Journal of Clinical Nutrition 45, 78±85.

Acheson KJ, Schutz Y, Bessard T, Ravussin E, JeÂquier E &
Flatt JP (1984) Nutritional influences on lipogenesis and
thermogenesis after a carbohydrate meal. American Journal of
Physiology 246, E62±E70.

Acheson KJ, TheÂlin A, Ravussin E, Arnaud MJ & JeÂquier E
(1985) Contribution of 500 g naturally labeled 13C dextrin
maltose to total carbohydrate utilization and the effect of the
antecedent diet in man. American Journal of Clinical Nutrition
41, 881±890.

Bielinski R, Schutz Y & JeÂquier E (1985) Energy metabolism
during the postexercise recovery in man. American Journal of
Clinical Nutrition 42, 69±82.

Boirie Y, Gachon P, Corny S, Fauquant J, Maubois JL &
BeaufreÁre B (1996) Acute postprandial changes in leucine
metabolism as assessed with an intrinsically labeled milk
protein. American Journal of Physiology 271, E1083±E1091.

Broeder CE, Brenner M, Hofman Z, Paijmans IJM, Thomas EL &
Wilmore JH (1991) The metabolic consequences of low and
moderate intensity exercise with or without feeding in lean and
borderline obese males. International Journal of Obesity 15,
95±104.

Burelle Y, PeÂronnet F, Charpentier S, Lavoie C, Hillaire-Marcel C
& Massicotte D (1999) Oxidation of an oral [13C]glucose load
at rest and prolonged exercise in trained and sedentary subjects.
Journal of Applied Physiology 86, 52±60.

Calles-EscandoÂn J, Goran MI, O'Connell M, Nair KS &
Danforth E Jr (1996) Exercise increases fat oxidation at rest
unrelated to changes in energy balance or lipolysis. American
Journal of Physiology 270, E1009±E1014.

De Garine I & Koppert GJA (1991) Guru-fattening sessions
among the Massa. Ecology of Food and Nutrition 25, 1±28.

Ebiner JR, Acheson KJ, Doerner A, Maeder E, Arnaud MJ,
JeÂquier E & Felber JP (1979) Comparison of carbohydrate
utilization in man using indirect calorimetry and mass spectro-
metry after an oral load of 100 g naturally-labelled [13C]glu-
cose. British Journal of Nutrition 41, 419±429.

Elia M & Livesey G (1988) Theory and validity of indirect
calorimetry during net lipid synthesis. American Journal of
Clinical Nutrition 47, 591±607.

Faix D, Neese R, Kletke C, Wolden S, Cesar D, Coutlangus M,
Shackleton CHL & Hellerstein MK (1993) Quantification of
menstrual and diurnal periodicities in rates of cholesterol and
fat synthesis in humans. Journal of Lipid Research 34, 2063±
2075.

Flatt JP (1995) McCollum Award Lecture, 1995: Diet, lifestyle,
and weight maintenance. American Journal of Clinical
Nutrition 62, 820±836.

Hellerstein MK (1999) De novo lipogenesis in humans: metabolic
and regulatory aspects. European Journal of Clinical Nutrition
53, S53±S65.

Hellerstein MK, Schwarz JM & Neese RA (1996) Regulation of
hepatic de novo lipogenesis in humans. Annual Review of
Nutrition 16, 523±557.

Horton TJ, Drougas H, Brachey A, Reed GW, Peters JC & Hill JO
(1995) Fat and carbohydrate overfeeding in humans: different
effects on energy storage. American Journal of Clinical
Nutrition 62, 19±29.

Ivy JL (1992) Resynthesis of muscle glycogen after exercise. In
Diabetes Mellitus and Exercise, pp. 153±164 [JT Devlin, EF
Horton and M Vranic, editors]. London: Smith Gordon.

Ivy JL & Kuo CH (1998) Regulation of GLUT4 protein and
glycogen synthase during muscle glycogen synthesis after
exercise. Acta Physiologica Scandinavica 162, 295±304.

Jandrain B, Krzentowski G, Pirnay F, Mosora F, Lacroix M,
Luyckx A & LefeÁbvre P (1984) Metabolic availability of
glucose ingested 3 h before prolonged exercise in humans.
Journal of Applied Physiology 56, 1314±1319.

JeÂquier E (1992) Calorie balance versus nutrient balance. In
Energy Metabolism: Tissue Determinants and Cellular Cor-
ollaries, pp. 123±137 [JM Kinney and HN Tucker, editors].
New York: Raven Press.

Krzentowski G, Pirnay F, Luyckx AS, Lacroix M, Mosora F &
LefeÁbvre PJ (1983) Effect of physical training on the oxidation
of an oral glucose load at rest: A naturally labeled 13C-glucose
study. DiabeÁte et MeÂtabolisme 9, 112±115.

Krzentowski G, Pirnay F, Luyckx AS, Pallikarakis N, Lacroix M,
Mosora F & LefeÁbvre PJ (1982) Metabolic adaptations in post-
exercise recovery. Clinical Physiology 2, 277±288.

LefeÁbvre PJ (1985) From plant physiology to human metabolic
investigations. Diabetologia 28, 255±263.

Livesey G & Elia M (1988) Estimation of energy expenditure, net
carbohydrate utilization, and net fat oxidation and synthesis by
indirect calorimetry: evaluation of errors with special reference
to the detailed composition of fuels. American Journal of
Clinical Nutrition 47, 608±628.

Mikines KJ, Farrell PA, Sonne B, Tronier B & Galbo H (1988a)
Postexercise dose±response relationship between plasma glu-
cose and insulin secretion. Journal of Applied Physiology 64,
988±999.

Mikines KJ, Sonne B, Farrell PA, Tronier B & Galbo H (1988b)
Effect of physical exercise on sensitivity and responsiveness to
insulin in humans. American Journal of Physiology 254, E248±
E259.

Mosora F, Lacroix M, Luyckx A, Pallikarakis N, Pirnay F,
Krzentowski G & LefeÁbvre P (1981) Glucose oxidation in
relation to the size of the oral glucose loading dose. Metabolism
30, 1143±1149.

Mosora F, LefeÁbvre P, Pirnay F, Lacroix M, Luyckx A &
Duchesne J (1976) Quantitative evaluation of the oxidation of
an exogenous glucose load using naturally labeled 13C-glucose.
Metabolism 25, 1575±1582.

Normand S, Pachiaudi C, Khalfallah Y, Guilluy R, Mornex R &
Riou JP (1992) 13C appearance in plasma glucose and breath
CO2 during feeding with naturally 13C-enriched starchy food in
normal humans. American Journal of Clinical Nutrition 55,
430±435.

PeÂronnet F, Massicotte D, Brisson G & Hillaire-Marcel C (1990)
Use of 13C substrates for metabolic studies in exercise:
methodological considerations. Journal of Applied Physiology
69, 1047±1052.

Phelain JF, Reinke E, Harris MA & Melby CL (1997)

679Response to small and large pasta meals with 13C

https://doi.org/10.1079/BJN
2001325  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2001325


Postexercise energy expenditure and substrate oxidation in young
women resulting from exercise bouts of different intensity.
Journal of the American College of Nutrition 16, 140±146.

Proserpi C, Sparti A, Schutz Y, Di Vetta V, Milon H & JeÂquier E
(1997) Ad libitum intake of a high-carbohydrate or high-fat diet
in young men: effects on nutrient balances. American Journal
of Clinical Nutrition 66, 539±545.

Randle PJ (1998) Regulatory interactions between lipids and
carbohydrates: the glucose fatty acid cycle after 35 years.
Diabetes Metabolism Review 14, 263±283.

Ravussin E, Doerner A, Acheson KJ, Pahud P, Arnaud MJ &
JeÂquier E (1980) Carbohydrate utilization in obese subjects
after an oral load of 100 g naturally-labelled [13C] glucose.
British Journal of Nutrition 43, 281±288.

Schneiter P, Di Vetta V, JeÂquier E & Tappy L (1995) Effect of

physical exercise on glycogen turnover and net substrate
utilization according to the nutritional state. American Journal
of Physiology 269, E1031±E1036.

Thompson DL, Townsend KM, Boughey R, Patterson K &
Bassett DR Jr (1998) Substrate use during and following
moderate- and low-intensity exercise: Implications for weight
control. European Journal of Applied Physiology 78, 43±49.

Tipton KD & Wolfe RR (1998) Exercise-induced changes in
protein metabolism. Acta Physiologica Scandinavica 162, 377±
387.

Truswell AS (1992) Glycaemic index of foods. European Journal
of Clinical Nutrition 46, S91±S101.

Wagenmakers AJM (1998) Protein and amino acid metabolism in
human muscle. Advances in Experimental Medicine and
Biology 441, 307±319.

680 N. Folch et al.

https://doi.org/10.1079/BJN
2001325  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2001325

