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Regulation of endogenous fat and carbohydrate metabolism in
relation to exercise intensity and duration. Am. J. Physiol. 265
(Endocrinol. Metab. 28): E380-E391, 1993.—Stable isotope
tracers and indirect calorimetry were used to evaluate the reg-
ulation of endogenous fat and glucose metabolism in relation to
exercise intensity and duration. Five trained subjects were stud-
ied during exercise intensities of 25, 65, and 85% of maximal
oxygen consumption (VOs ,..,). Plasma glucose tissue uptake
and muscle glycogen oxidation increased in relation to exercise
intensity. In contrast, peripheral lipolysis was stimulated max-
imally at the lowest exercise intensity, and fatty acid release
into plasma decreased with increasing exercise intensity. Mus-
cle triglyceride lipolysis was stimulated only at higher intensi-
ties. During 2 h of exercise at 65% VO, h.x pPlasma-derived
substrate oxidation progressively increased over time, whereas
muscle glycogen and triglyceride oxidation decreased. In recov-
ery from high-intensity exercise, although the rate of lipolysis
immediately decreased, the rate of release of fatty acids into
plasma increased, indicating release of fatty acids from previ-
ously hydrolyzed triglycerides. We conclude that, whereas car-
bohydrate availability is regulated directly in relation to exer-
cise intensity, the regulation of lipid metabolism seems to be
more complex.

mass spectrometry; stable isotopes; free fatty acids; muscle tri-
glycerides; muscle glycogen

NUMEROUS STUDIES have addressed substrate metabo-
lism during exercise, but the relation between exercise
intensity and substrate mobilization from different en-
dogenous stores has not been fully elucidated (27). Jones
et al. (21) provided evidence that the rate of appearance
of free fatty acids (FFA) is lower during moderate exer-
cise intensity [70% of maximal O, consumption
(VO3 max)] than during low-intensity exercise (36% of
VO0s max; see Ref. 21). This paradoxical response in view
of energy requirements may be related to alterations in
adipose tissue lipolysis. However, whole body lipolytic
rates have been measured only during low-intensity ex-
ercise (16, 37), and the effect of exercise intensity on
adipose tissue lipolysis is unknown. It is also possible
that lipolysis is stimulated during high-intensity exer-
cise, but FFA are not released into the circulation be-
cause of either increased reesterification or entrapment
within the adipocytes. Either of these possibilities could
follow from vasoconstriction and thus deficient flow of
albumin, which is necessary to bind to FFA for transport
(2, 15, 28). Presently, however, the involvement of these
mechanisms in the regulation of the release of FFA from
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the adipose tissue during different exercise intensities is
unknown.

Fat oxidized by working muscle is derived not only
from plasma FFA but also from muscle triglycerides.
Utilization of muscle triglycerides may account for a
considerable portion of energy requirements, especially
in trained subjects (19, 20), but the rate of utilization of
muscle triglycerides has not been quantified at different
exercise intensities.

The aim of the present study was to determine the
quantitative effects of exercise intensity and duration on
endogenous FFA mobilization and utilization. We hy-
pothesized that lipolysis within adipocytes is stimulated
maximally during very-low-intensity exercise, since pe-
ripheral lipolysis is very sensitive to minimal sympa-
thetic stimulation (4), whereas lipolysis of triglycerides
within muscle and thus muscle triglyceride oxidation
may be stimulated at higher exercise intensities. T'o put
the data of FFA metabolism into the perspective of over-
all energy substrate metabolism, whole body carbohy-
drate metabolism was evaluated simultaneously.

Central to achieving the aim of the present study, it
was necessary to quantify fat and carbohydrate oxida-
tion during high-intensity exercise. Indirect calorimetry
has previously been thought to be inaccurate due to
excessive CO,, production. Therefore, in a recent study,
we described a new tracer method to quantify carbohy-
drate and fat oxidation rates independently from CO,
production rates (26). Using this method, we validated
indirect calorimetry during exercise intensities of 80-
85% of VO0s,,.« as a means for quantifying substrate
oxidation rates in trained subjects. Because glucose and
FFA taken up from the plasma (measured by the primed
continuous infusion of [6,6-2H,]glucose and [?H,]palmi-
tate) can be assumed to be completely oxidized during
exercise (6, 17), the minimal contribution of muscle tri-
glycerides and glycogen to energy production is repre-
sented by the difference between whole body substrate
oxidation and plasma glucose and FFA uptake. From
whole body lipolytic rates (measured by the primed con-
tinuous infusion of [2Hj;]glycerol) and the lipolytic rate
of muscle triglycerides (derived from the rate of muscle
triglyceride oxidation), the rate of lipolysis within the
adipose tissue (peripheral lipolysis) is obtained. Thus
this new approach allows for the first time the quanti-
fication of all essential aspects of lipid and carbohydrate
kinetics and oxidation. We have applied these ap-
proaches in five trained subjects during three exercise
intensities (25, 65, and 85% of VO max)-
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SUBSTRATE UTILIZATION DURING EXERCISE

METHODS
Subjects

Five endurance-trained cyclists (age 24 = 2 yr, weight 75.2 +
3.6 kg, height 1.78 £+ 0.03 m, VO3 a0 67 = 3 ml-kg™!-min~?)
volunteered for this study. All subjects were healthy, as indi-
cated by medical history and physical examination. They were
studied in the postabsorptive state after a 10- to 12-h fast.
VO0q max Was determined several weeks before the experimental
trials while the subjects cycled on a stationary ergometer
(Monark 819). VO, ... Was determined during an incremental
cycling protocol lasting 7-10 min. The study was approved by
the institutional review boards of the University of Texas,
Galveston and Austin.

Exercise Protocol

The subjects were studied on three consecutive days in the
postabsorptive state. On each day a different exercise intensity
was performed (25, 65, or 85% of VO, .x); the order of the
intensities was randomized. On each occasion, stable isotopes
were infused, and indirect calorimetry was used to determine
oxygen consumption (VO,) and carbon dioxide production
(Vco,) during a basal period of 2 h and during either 30 min
(85% 0of VO max) Or 120 min of exercise (25 and 65% of VO 1.x)
on a stationary ergometer (Monark 819). Immediately after ex-
ercise, the subjects lay down on a bed while the infusion of
stable isotopes was continued for 1 h during recovery. Immedi-
ately after recovery from exercise, carbohydrate repletion was
started by having the subjects drink a solution of cornstarch at
frequent intervals. The amount of carbohydrate ingested each
day (300-400 g) was approximately two times the maximal
amount of glycogen oxidized during exercise.

Indirect Calorimetry

Indirect calorimetry was performed at rest for at least 15 min
continuously throughout the first 30 min of exercise (all 3 in-
tensities of exercise) and for 5- to 10-min intervals every 15 min
during the remainder of exercise (during exercise at 25 and 65%
of VO, nax). The values obtained from 20 to 30 min of exercise
were used to calculate and compare substrate oxidation rates
among the three levels of exercise because of the apparent
steady state at that time. Values taken at 15-min intervals
thereafter were used to assess the effect of exercise duration on
substrate oxidation. The resting values were obtained after the
subjects had been laying on a bed for at least 1 h. Inspired
volumes of air were measured with a dry gas meter (Parkinson-
Cowan CD-4). Aliquots of expired gas were sampled from a
mixing chamber and analyzed for O, (Applied Electrochemistry
S3A) and CO, (Beckman LB-2). Analog outputs from the gas
analyzers and gas meter were directed to a laboratory computer
for calculation of Vo, and VcCo,.

Isotope Infusion

Teflon catheters were placed percutaneously into an antecu-
bital vein, and a sampling catheter was inserted in a dorsal hand
vein of the contralateral arm. The heated hand technique was
used to obtain arterialized blood samples (23). The subjects lay
on a bed for 1 h after catheter placement. After a blood sample
was drawn to determine background enrichment, primed con-
stant infusions of [6,6-2H,]glucose (99% enriched; Merck, Rah-
way, NJ; 0.22 umol-kg='-min~!; prime 17.6 umol/kg), [2H;]-
glycerol (0.1 umol-kg=! -min~!; prime 1.5 wumol/kg), and
[2H,]palmitate (0.04 umol-kg—!-min—!; no prime) were started
using calibrated syringe pumps (Harvard Apparatus, Natick,
MA). The exact infusion rate in each experiment was deter-
mined by measuring the concentrations in the infusates. The
glycerol and palmitate tracers (both 99% enriched) were pur-
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chased from Tracer Technologies (Newton, MA). Palmitate was
bound to albumin (Cutter Biological, Berkeley, CA) by following
previously described procedures (36). After 2 h of infusion, with
the subjects at rest, exercise was initiated, and the rate of iso-
tope administration was doubled for palmitate and glucose and
tripled for glycerol to minimize changes in substrate isotopic
enrichment. During exercise at 85% of VO, ,.x the rate of in-
fusion of [6,6-2H,]glucose was doubled and, after the first 10
min, tripled, compared with the infusion rate at rest. The iso-
tope infusion was continued at resting rates during the 1st h of
recovery to determine substrate kinetics.

Blood Sampling

Blood was taken 105, 110, 115, and 120 min after the begin-
ning of infusion to measure resting kinetics. During exercise at
intensities of 25 and 65% of VO, ..., blood was taken after 5, 15,
30, 45, 60, 75, 90, 105, and 120 min of exercise. During 30 min
of exercise at 85% of VO ,ax, blood was drawn every 5 min. In
all experiments, blood was drawn after 5, 15, 30, 45, and 60 min
of recovery from exercise. All samples were placed in 10-ml
vacutainers containing lithium heparin and placed on ice.
Plasma was separated by centrifugation shortly after sampling
and subsequently frozen until further processing.

Sample Analysis

Plasma glucose concentration was measured using a glucose
analyzer (Beckman Instruments) by use of the glucose oxidase
method. The enrichment of [6,6-2H,]glucose in plasma was de-
termined as previously described (35). Briefly, plasma was
deproteinated with barium hydroxide and zinc sulfate solu-
tions. Glucose was extracted by mixed-bed anion-cation ex-
change chromatography (AG-1-X8 and AG 50W-X8; Bio-Rad
Laboratories, Richmond, CA) and reacted with acetic anhy-
dride and pyridine to form the penta-acetate derivative. Isoto-
pic enrichment was determined by gas chromatography-mass
spectrometry (GC-MS model 5985B; Hewlett-Packard, Fuller-
ton, CA) using electronic impact ionization, selectively moni-
toring ions at mass-to-charge ratio (m/e) 202, 201, and
200. Correction was made for the contribution of singly
labeled molecules (m/e 201) to the apparent enrichment at
m/fe 202 (35).

FFA were extracted from plasma, isolated by thin-layer chro-
matography, and derivatized to their methyl esters. Palmitate
and total FFA concentrations were determined by gas chroma-
tography (Hewlett-Packard 5890) using heptadecanoic acid as
an internal standard. Isotopic enrichment of palmitate was
measured by GC-MS analysis of the methyl ester derivatives on
a Hewlett-Packard 5992 (36). Ions of m/e 270 and 272 were
selectively monitored. Isotopic enrichment of glycerol was de-
termined by GC-MS (Hewlett-Packard 5985B) by following
previously described procedures (38). Ions of m/e 205 and 208
were monitored. Plasma catecholamine concentrations were
measured as previously described (11).

Calculations

Indirect calorimetry. Carbohydrate and fat oxidation rates
were calculated using stoichiometric equations (14). Nitrogen
excretion rate was assumed to be 135 ug-kg~!-min~1. This av-
erage value was taken from the measured values determined in
another study performed in our laboratory (3). A 30% error in
this assumed value (which exceeds the total range of values in
the previous study) would have no significant effect on the
calculated values of fat and carbohydrate oxidation during ex-
ercise in the present study. Fatty acid oxidation was determined
by converting the rate of triglyceride oxidation (g-kg=!-min—1)
to its molar equivalent, assuming the average molecular weight
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of triglyceride to be 860 g/mol (14) and multiplying the molar
rate of triglyceride oxidation by three because each molecule
contains three moles of fatty acids.

Rates of appearance (R,) and, when appropriate, rates of
disappearance (R4 = tissue uptake) of glucose, glycerol, and
palmitate at rest were calculated using the equation of Steele
(383). This equation had to be modified for use of stable isotope
since the amount of tracer infused is no longer negligible. The
concentration (C) of the tracee at time (¢) can be calculated
from the measured concentration (C,,) and the enrichment (E;
tracer-to-tracee ratio) at that time

C=C,/1+E)
Therefore the working form of the Steele equation becomes
C, dE

_F_le+E<_i?
R,= E

a

and
dc, dE
T 1B -Gy

R,=R, -V, T+ E)?

where F is the infusion rate and Vg is the effective volume of
distribution. Values for R, were calculated at 20-30 min for
comparisons among the three exercise intensities and at 15-
min intervals thereafter for evaluation of the duration effect.
During exercise and the first 30 min of recovery, kinetics were
calculated as described above after first fitting enrichment and
concentration data to curves using spline fitting (39). The ef-
fective V4 was assumed to be 230 ml/kg for glycerol and 40
ml/kg for palmitate. The value for palmitate was chosen be-
cause acute changes in palmitate concentration are essentially
restricted to plasma (being bound to albumin). The appropri-
ate value for glucose is less clear, so data were computed for
Va4 = 40, 100, and 165 ml/kg. The limitations of the Steele
equation have been discussed extensively, but in situations
in which changes in enrichment are small the value chosen
for V4 becomes inconsequential and thus the values calculated
are reliable (35). The R, of FFA was calculated by dividing
the R, of palmitate by the fractional contribution of palmi-
tate to the total FFA concentration, as determined by gas
chromatography.

Glycerol R, was used as a reflection of lipolysis, with the
assumption that all glycerol released in the process of lipolysis,
whether in the adipose tissue or in muscle tissue, appears in the
plasma. This is because glycerol reutilization requires phosphor-
ylation via the enzyme glycerol kinase, and this occurs mainly in
the liver (9, 24). Also, glycerol cannot be produced in the body,
other than from lipolysis (38). Consequently, total FFA release
equals three times glycerol R,.

Given the rate of total lipolysis and total FFA release into
plasma (and uptake) and the rate of total fat oxidation, it is
possible to quantitatively distinguish lipolysis in adipose tissue
(peripheral lipolysis) and intramuscular lipolysis. If all FFA
taken up from the plasma during exercise can be assumed to be
oxidized (17), then the following equation provides a minimal
rate of intramuscular fatty acid oxidation

intramuscular fatty acid oxidation (umol-kg='-min~!)
= total fatty acid oxidation (umol FFA -kg~!-min~!) — FFA R,

For every three fatty acids released from the intramuscular
triglyceride pool, one glycerol will be released into plasma. Con-
sequently, the minimum rate of release of glycerol from the
intramuscular triglyceride pool (intramuscular lipolysis) will be

SUBSTRATE UTILIZATION DURING EXERCISE

calculated as follows
intramuscular lipolysis (umol-kg=!-min~!)

_ intramuscular fatty acid oxidation (umol FFA -kg~!-min~1)
- 3 umol FFA/umol glycerol

The total rate of glycerol release is equal to the glycerol released
from peripheral adipocytes and glycerol released from the intra-
muscular pool. Consequently, it is possible to calculate the rate
of adipocyte (peripheral) lipolysis as follows

peripheral lipolysis (umol-kg~!- min~1)
= total glycerol R, — intramuscular lipolysis (umol-kg=!-min?)

From the total rate of carbohydrate oxidation, obtained by
indirect calorimetry, and the rate of tissue glucose uptake, re-
flected by glucose R4, the minimum contribution of muscle
glycogen stores to carbohydrate oxidation can be calculated as-
suming that 100% of plasma glucose uptake is oxidized during
exercise (6). If <100% is oxidized, the calculated value for in-
tramuscular glycogen oxidation will be underestimated. There-
fore, the following equation provides the minimal rate of muscle
glycogen oxidation

muscle glycogen oxidation

= total carbohydrate oxidation — glucose R,

Thus, by this method, any glycogen breakdown that leads to
lactate production rather than complete oxidation will not be
included in the calculation of rate of oxidation. Glycogen break-
down therefore exceeds the calculated rate of glycogen oxidation
by a percentage amount equal to the percent of plasma glucose
converted to lactate, since the metabolic pathways of glycogen
and glucose converge at glucose 6-phosphate and are the same
thereafter.

Statistical Analysis

The results are presented as means + SE. The effect of time
on the response within each exercise level was analyzed by a
repeated-measures two-way analysis of variance (treatment X
time). If necessary, the times were compared by Fishers least-
significant difference test. The 30-min results of the three ex-
ercise intensities were compared by two-way analysis of vari-
ance for randomized block design, where the subjects are blocks
and the three exercise levels are treatments. If necessary, the
analysis of variance was followed by a multiple-comparison test
to detect differences among groups. Statistical significance was
set at P < 0.05.

RESULTS
Basal State

There were no differences in plasma concentrations of
substrates and hormones, rates of appearance, or rates of
carbohydrate and FFA oxidation at rest before the three
intensities of exercise.

Exercise

Plasma concentrations. After 30 min of exercise, there
was a clear relationship between exercise intensity and
plasma glucose concentrations. Plasma glucose concen-
trations were 77 + 4, 98 + 6, and 147 = 1 mg/dl after 30
min of exercise at 25, 65, and 85% of VOy ,.x, respectively
(P < 0.05 for all values). During the subsequent 90 min of
exercise (25 and 65% of VOg jay), plasma glucose concen-
trations did not change (25% of VOy p,.x) Or decreased to
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preexercise levels (70 + 3 mg/dl; 65% of VOs max)-

Plasma glycerol and FFA concentrations are shown in
Fig. 1. Plasma glycerol concentrations increased during
all exercise intensities. Glycerol concentrations after 30
min of exercise at 65 and 85% of VO, . Were signifi-
cantly higher than those obtained during low-intensity
exercise (P < 0.05). Glycerol concentrations were signif-
icantly higher after 120 min of exercise at 656% compared
with exercise at 25% of VOg max (P < 0.01).

Plasma FFA concentrations showed a progressive in-
crease during exercise of 25% of VO, ., (rest: 0.86 +
0.12; 30 min: 0.97 + 0.18; 120 min: 1.17 mmol/l; P <
0.02). During 65% of VO, ,.x, there was an initial de-
crease (rest: 0.86 * 0.14; 5 min: 0.67 + 0.13 mmol/]; P <
0.05), followed by a steady increase in plasma FFA con-
centrations (30 min: 0.90 + 0.14; 120 min: 1.12 + 0.12
mmol/l; not significant vs. 256% of VO, 1,y). During ex-
ercise of 85% of VO3 max, however, FFA levels were per-
sistently decreased (rest: 0.99 + 0.05; 5 min: 0.631 =+
0.06; 30 min: 0.52 + 0.08 mmol/l; P < 0.05). In recovery

A 14-
124 T
1.0 4
0.8 1
0.6 -
0.4

O_Z-N—H_G—H_M
0.0 vExorc:u . J —

0 60 120

B 2.0 1

1.6 1

1

mmol.L’

180

1.2 1

mmol.L™ '

08

0.4 1

Exercise

0 60 120 180

o

mmol.L"'

Exercise

1

0 30 60 90

Time (min)
Fig. 1. Glycerol (0) and free fatty acid (FFA; A) concentrations (means
+ SE) during exercise at 25% (A), 65% (B), and 856% (C) of maximal O,
consumption (VO3 nax) and subsequent recovery in 5 trained subjects.
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from the high-intensity exercise, FFA concentrations
transiently increased. Plasma lactate concentrations re-
mained essentially at the resting concentration during
exercise at 25% VO,,... Lactate concentration in-
creased from the resting values of 1.04 + 0.08 to 2.27 +
0.29 mmol/l at 656% VO, .5, and during exercise at 85%
VOs max the lactate concentration was 7.9 + 0.9 mmol/l
at 10 min and 9.0 + 0.5 mmol/l at 30 min.

Substrate Kinetics

The infusion rates of the stable isotopes were increased
at the start of exercise to minimize the effect of non-
steady-state conditions of isotopic enrichment on the cal-
culation of substrate kinetics (37). Because we did not
know in advance the precise effects of exercise intensity
on substrate kinetics (i.e., the goal of the study), we were
only partially successful in maintaining isotopic steady
state (Figs. 2-4). However, the enrichments around the
30 min of exercise were relatively stable for all tracers
(Figs. 2-4), and it was at this time point that the three
exercise intensities were compared. Consequently, the
use of different pool fractions, the major confounding
variable in the calculation of non-steady-state kinetics
(35), did not appreciably alter the calculated R, for any
substrate.

Glucose. The R, and Ry of glucose increased signifi-
cantly (P < 0.02) during all three exercise intensities
roughly in proportion to exercise intensity (Fig. 5). The
use of different pool fractions (40, 100, 165 ml/kg) had
minimal effect on the calculated R,/Rq4 values of glucose,
owing to the near-steady-state isotopic enrichment. The
values with a pool fraction of 100 ml/kg were used in the
calculations shown in Fig. 5.

FFA. FFA R, increased at the start of exercise and
then remained stable during the 120 min of exercise at
25% VOg max, While increasing progressively throughout
exercise at 65% VOg ymax (Fig. 6). In contrast, FFA R,
during exercise at 85% of V04 .« did not increase above
resting values, despite the stimulation of lipolysis, as re-
flected by an increasing glycerol R, (Fig. 6). As a result,
there was an inverse relationship between exercise in-
tensity and FFA R, after 30 min of exercise (Table 1).
During the 2nd h of exercise at 25 and 65% of VO3 pay,
there was no significant difference in FFA R,, although
the average increase in FFA R, was slightly higher dur-
ing exercise at 65% of VO3 ., (Fig. 6).

Within 5 min of recovery from low and moderate ex-
ercise, FFA R, decreased. In contrast, immediately after
stopping high-intensity exercise, there was a significant
but transient increase in FFA R, compared with the val-
ues obtained at the end of exercise (P < 0.02; Fig. 6).

Glycerol. Glycerol R, increased significantly above rest-
ing levels during exercise at all three intensities (P < 0.05;
Fig. 6). After 30 min of exercise, glycerol R, was signifi-
cantly higher during exercise at 65 and 85% of VO3 pmax
compared with low-intensity exercise. During recovery,
there was an immediate decrease in glycerol R,. This
occurred also during recovery after high-intensity exer-
cise (85% of VO3 max), indicating that the transient in-
crease in FFA R, immediately after exercise was not ex-
plained by an increase in lipolysis (Fig. 6). There was a
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Fig. 2. Tracer-to-tracee ratios (means + SE) of palmitate during infu-
sion of [2H,]palmitate, measured at rest, during 3 levels of exercise [25%
(A), 65% (B), and 85% (C) of VOg 1ax], and during 1st h of recovery.
Each value represents means + SE of 5 trained subjects. Infusion rates
during exercise were increased 2-fold above resting infusion rate and
returned to resting infusion rate during recovery period.

transient and significant increase in the ratio FFA R,/
glycerol R, from the end of exercise to the early phase of
recovery (25% of VOg pax from 2.3 £ 0.1 at 2 h of exercise
to 4.2 £ 0.5 in recovery; 656% of VO3 yax from 2.3 + 0.2 at
2 h of exercise to 5.1 = 0.6 in recovery; 85% of VO ax
from 1.3 + 0.2 at 30 min of exercise to 5.0 £ 1.4 in
recovery).

The peripheral lipolytic response after 30 min of exer-
cise was not significantly different at the three intensities
(Table 1). In contrast, intramuscular lipolysis increased
significantly at 65 and 85% compared with 25% VO3 nax-
This was in accordance with a significant decrease in the
ratio of FFA R,/glycerol R, from 2.4 + 0.1 (25% of
VO3 max) and 1.7 = 0.1 (65% of VOg max) to 1.3 = 0.3
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Fig. 3. Tracer-to-tracee ratios of glycerol during infusion of [2Hj;]glyc-
erol, measured at rest, during 3 levels of exercise [25% (A), 65% (B), and
85% (C) of VOg 1max), and during 1st h of recovery. Each value represents
means *+ SE of 5 trained subjects. Infusion rates during exercise were
increased 3-fold above resting infusion rate and returned to resting
infusion rate during recovery period.

(85% of VOs yax; P < 0.05), because FFA derived from
muscle triglycerides can be assumed to be oxidized with-
out having passed through the plasma.

Substrate Oxidation Rates

~ From 20 to 30 min of exercise, inspiratory volumes,
Vo0,, VC0,, and respiratory exchange ratios were constant
in the three exercise protocols. The respiratory exchange
ratios were significantly different from each other at 0.73
+ 0.01, 0.83 = 0.02, and 0.91 £ 0.01 (25, 65, and 85% of
VO3 max, respectively; P < 0.02).

Carbohydrate oxidation rates calculated during 20-30
min of exercise at 25, 65, and 85% of VOg n,.x increased
significantly with exercise intensity (Fig. 7). The values
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Fig. 4. Tracer-to-tracee ratios of glucose during infusion of [6,6-2H,]-
glucose, measured at rest, during 3 levels of exercise [25% (A), 65% (B),
and 85% (C) of VO3 max], and during 1st h of recovery. Each value
represents mean + SE of 5 trained subjects. Infusion rates were in-
creased 2-fold above resting rate with start of exercise and 3-fold during

10- to 30-min period at 85% VO, max. During recovery, infusion rate was
returned to resting levels.

of total carbohydrate oxidation at 65 and 85% of VOy 10
were significantly higher than the rate of glucose tissue
uptake (the maximal amount of plasma glucose available
for oxidation). This difference reflects the minimal con-
tribution of muscle glycogen to carbohydrate oxidation,
which also increased significantly with increasing exer-
cise intensity (Fig. 7).

Fat oxidation rates were related differently to exercise
intensity than carbohydrate oxidation rates (Fig. 7). Fat
oxidation after 30 min of exercise was not different at 25
vs. 85% V Oy max, despite a more than threefold increase in
energy expenditure. At 65% of VO max, fat oxidation rate
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Fig. 5. Rates of appearance of glucose (means + SE) during exercise at
25,65, and 85% of VO, ., and subsequent recovery in 5 trained subjects
calculated by non-steady-state equations with pool fraction of 100 ml/

kg. Values obtained during different exercise intensities were signifi-
cantly different (P < 0.05).

0 30

was significantly higher than observed during exercise at
25 and 85% V02 max (Fig. 7). During exercise at 65 and
85% V0,, whole body fat oxidation was significantly
higher than tissue FFA uptake, with the difference rep-
resenting the minimal contribution of muscle triglyceride
stores to whole body fat oxidation (Fig. 7).

Figure 8 shows the maximal contributions of plasma
glucose and plasma FFA and the minimal contributions
of muscle triglycerides and muscle glycogen stores to en-
ergy expenditure after 30 min of exercise at 25, 65, and
85% of VOg 1,ax- The increase in caloric equivalents from
glucose tissue uptake with increasing exercise intensities
is largely counterbalanced by the relative decrease in
plasma FFA uptake. As a consequence, the contribution
of plasma substrates to overall energy production re-
mained essentially constant at the different levels of ex-
ercise, meaning that, at higher exercise intensities, mus-
cle substrate stores (particularly glycogen) become
predominant (Fig. 8).

The effect of the duration of exercise on the metabolic
responses was evaluated during exercise at 25 and 65%
V05 max- At 25% VO3 nmayx, there was no significant alter-
ation in the relative contribution of the various substrates
to energy production over the 2-h exercise period (Fig. 9).
On the other hand, during exercise at 65% VO3 1.y, there
was a progressive increase on the reliance on plasma FFA
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Fig. 6. Rates of appearance of glycerol (0) and FFA (a; means + SE)
during exercise at 25% (A), 656% (B), and 85% (C) of V05 nax and
subsequent recovery in 5 trained subjects. FFA rate of appearance (R,)
and glycerol R, increased during exercise (P < 0.02), with exception of
high-intensity exercise, which revealed no change in FFA R,. During
recovery from high-intensity exercise, there was a transient increase of
~60% in FFA R, (P < 0.01), whereas glycerol R, decreased.

and glucose as energy substrates. As a consequence the
contribution of muscle substrate stores to energy produc-
tion decreased (Fig. 9).

Plasma Catecholamine Concentrations

After 30 min of low-intensity exercise, there was a
slight but significant increase in plasma epinephrine and
norepinephrine concentrations (Table 2). Plasma cate-
cholamine concentrations increased in relation to exer-
cise intensity. After 60 min of recovery the values were
not significantly different from preexercise values.

SUBSTRATE UTILIZATION DURING EXERCISE

Table 1. Effect of exercise intensity
on fat metabolism, measured after 30 min
of exercise in five endurance-trained athletes

: Glycerol R,
IE;,(:;:;:; Plasma To!:al Ij‘at
% of Voo ,,lﬂx vg(}; g}l,e Peripheral quI;tcrl?l—ar FFAR, Oxidation
25 109+1.0 9.8+1.6 1.1+0.7 25.8+2.6 26.8+1.5
65 13.6£19 6.9+0.6 6.7+£1.2* 22.8+2.7* 42.8+3.7*
85 13.4+£09 8.5+25 4.9+1.9* 17.0+£3.4*t 29.6+4.3%

Values are means + SE in umol-kg~!-min~. R,, rate of appearance.
* P < 0.05 vs. exercise at 25% of maximal O, consumption (VOz nax).
1 P < 0.05 vs. exercise at 65% of VO2 max.
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E 100+
2 * #
ol ZZA=— & 7///
25 65 85
% of VO, max

Fig. 7. A: FFA tissue uptake (hatched bars) and whole body fatty acid
oxidation (open bars) measured after 30 min of exercise at 3 different
intensities in 5 athletes (means + SE). * P < 0.05 vs. 25% of VO3 max;
# P < 0.05 vs. 65% of VO3 max; T P <0.05 vs. 25 and 85% of VO, ax. B:
glucose tissue uptake (hatched bars) and whole body carbohydrate ox-
idation (open bars) measured after 30 min of exercise at 3 different

intensities in 5 athletes (means + SE). * P < 0.05 vs. 25% of VO3 max;
# P < 0.05 vs. 656% of V0o max.

DISCUSSION

Although numerous studies have addressed the mobi-
lization and utilization of carbohydrate at different exer-
cise intensities, little quantitative data are available re-
garding lipid kinetics. In this study, we have used an
isotopic tracer approach to quantify aspects of lipid ki-
netics not previously studied in exercise, including the
distinction between lipolysis occurring in adipocytes (pe-
ripheral lipolysis) and intramuscular lipolysis. Peripheral
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Fig. 8. Maximal contribution to energy expenditure derived from glu-
cose and FFA taken up from blood and minimal contribution of muscle
triglyceride and glycogen stores after 30 min of exercise, expressed as
function of exercise intensity. Total amount of calories (cal) available
from plasma does not change in relation to exercise intensity.
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Fig. 9. Relative contribution of blood-borne and intramuscular sub-
strates to energy production during 120 min of exercise at 25% V02 max
(B) and 66% (A) VO3 max. Tg, triglycerides.

lipolysis was high during low-intensity exercise and did
not increase further with more intense exercise. However,
little lipolysis of muscle triglycerides occurred during low-
intensity exercise (i.e., 256% VO3 max) compared with ex-
ercise at the higher intensities. Despite high lipolytic
rates, the R, of plasma FFA, and presumably oxidation,
was highest during exercise at 256% V0, .., and FFA R,
declined progressively as the exercise intensity increased
to 65 and 85% V04 max. The progressive decline in plasma
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Table 2. Plasma concentrations of catecholamines
at rest, during exercise, and after 60 min of recovery

Exercise Exercise, min

; Recovery
Intensity, Rest s
% V0y e 30 120 (60 min)
Epinephrine
25 38+6 59+3* 52+8* 364
65 58+17 199+18*f 239+28*t 62+17
85 367 625+86%% 4448
Norepinephrine
25 231+43 388+54* 372+41* 22327
65 291+31 1,694+237*F  1,851+286*t 4244130
85 266+19  5,085+914*% 293452

Values are means = SE in mg/l. * P < 0.05 vs. rest. P < 0.05 vs.
exercise at 25% of VO3 max. £ P < 0.01 vs. exercise at 25 and 65% of
VO? max*

FFA turnover with increasing exercise intensity was off-
set by progressive increases in blood glucose turnover.
Therefore the contribution of plasma substrates to ca-
loric expenditure remained essentially constant over this
wide range of exercise intensities. The changes in lipid
metabolism occurred concurrently with changes in car-
bohydrate metabolism, consistent with what would have
been predicted from previous work, namely that glucose
tissue uptake and especially muscle glycogen utilization
increased roughly exponentially in relation to exercise
intensity.

Evaluation of Methods

The use of stable isotope tracers for quantification of
glucose and palmitate turnover is well established (35).
Whole body oxidation rates of fat and carbohydrate were
calculated by indirect calorimetry. This method relies on
the assumption that Vo, and VCo0, accurately reflect tis-
sue O, consumption and CO, production (14). There is
little controversy with respect to V0,, of which there are
no large stores in the body. However, at exercise intensi-
ties that cause hyperventilation, VCO, may overestimate
tissue CO, production (13). This can potentially result in
the overestimation of the rate of carbohydrate oxidation
and, concomitantly, an underestimation of fat oxidation
(13). Therefore, before the present study, we conducted a
preliminary study that developed a new breath *C-to-'2C
ratio method for the calculation of carbohydrate and fat
oxidation during exercise at low to high intensities that is
completely independent of the measurement of Vco,
(26). This new method proved that carbohydrate and fat
oxidation calculated by indirect calorimetry during exer-
cise is valid, including during exercise at 85% V05 4 in
trained subjects, as performed in the present study.

The rates of fat and carbohydrate oxidation in excess of
the measured blood glucose and plasma FFA uptake are
assumed to equal the oxidation of intramuscular triglyc-
eride and glycogen, respectively. There is no reason to
believe that there are major fates other than oxidation for
glucose and FFA taken up by the tissues during exercise
(6, 17). The maximal rate of FFA oxidation from periph-
eral lipolysis can thus be considered to be equal to plasma
FFA uptake. The difference between that rate and total
fat oxidation can be attributed largely to intramuscular
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fat oxidation, although it is also possible that plasma
triglycerides could contribute a small amount to total fat
oxidation.

The general validity of this approach to quantifying the
rate of intramuscular triglyceride oxidation is supported
by the fact that the analogous approach with glucose
metabolism yielded rates of muscle glycogen breakdown
comparable to those derived from studies that used data
obtained from biopsies (19). An advantage of the methods
used in this paper is that muscle biopsies are not needed,
and the calculated value of the rate of glycogen break-
down represents the average response of the body’s
musculature.

The rate of whole body lipolysis was assessed by mea-
suring glycerol R,. Glycerol appears in the blood only as
the product of lipolysis and can be reutilized only in tis-
sues that contain glycerol kinase, predominately the liver.
In animals the activity of glycerol kinase in extrahepatic
tissues is either absent or low (9, 24). However, there is
currently no evidence as to whether there is sufficient
glycerol kinase in muscle to allow a physiologically sig-
nificant rate of glycerol oxidation. The recent paper by
Elia et al. (10) raises the possibility that glycerol released
from intramuscular lipolysis might be directly oxidized,
thereby resulting in the underestimation of whole body
lipolysis by our tracer technique. Elia et al. (10) observed
a significant isotopic exchange of glycerol across forearm
muscle tissue. However, from the data of Elia et al. (10),
it remained unclear if this was only due to slow equili-
bration of enriched glycerol with the muscle pool of glyc-
erol or if it was related to concomitant muscle glycerol
utilization and production. The fat oxidation data in our
study provide support for the contention that glycerol R,
is an accurate reflection of whole body lipolysis. During
exercise at 65% of VO, n.x, the intensity at which the
highest fat oxidation rates were observed, the rate of
three times glycerol R,, reflecting the maximal availabil-
ity of FFA derived from lipolysis, and fatty acid oxidation
rates were in good agreement. If the assumption of the
presence of a substantial activity of glycerol kinase in
human muscle was true, glycerol derived from hydrolysis
of muscle triglycerides would have been oxidized directly
without passing through the plasma pool, thus causing
whole body lipolysis to be consistently lower than FFA
oxidation rates. From these considerations, we conclude
that glycerol R, is a reliable reflection of the rate of
lipolysis within adipose tissue and/or exercising muscle.
Previously reported values for glycerol R, in exercising
humans (16) used tritium as a tracer, which presented a
serious problem at the time because of inadequate sepa-
ration from glucose in the analytical procedure, there-
by leading to a severalfold underestimation of the true
value of glycerol R,. The use of GC-MS in the present
study allows for a reliable and distinct separation
and identification and quantification of [>H;]glycerol
enrichment (35). )

Low-intensity exercise (25% V03 jma.)- The results from
our technique indicate that intramuscular triglycerides
and glycogen did not contribute significantly to energy
production during exercise at 25% VO3 ma.x (Figs. 8, 9).
Carbohydrate oxidation appeared to be met solely by

SUBSTRATE UTILIZATION DURING EXERCISE

blood glucose uptake, and thus muscle glycogen was not
utilized (Fig. 8). This conclusion is consistent with the
measurement (via biopsy) of changes in glycogen concen-
tration within a muscle exercising at low intensities (29).
Additionally, the measurement of the arteriovenous dif-
ference across an exercising limb during low-intensity
exercise indicates that glucose uptake generally approxi-
mates the rate of carbohydrate oxidation, considering the
error introduced when attempting to measure small arte-
riovenous differences as well as limb blood flow (5).
Therefore, our technique for assessing the caloric contri-
bution of blood glucose as opposed to muscle glycogen
provides reasonable results.

Moderate-intensity exercise (65% Vg m.,). Exercise
at 65% VO, max in these subjects elicited maximal rates
of fat oxidation of >42 umol-kg~!-min~!. This high
rate of fat oxidation is comparable to three times the R,
of glycerol for the whole body (i.e., 13.6 umol glycerol -
kg min~! X 3 umol FFA/umol glycerol = 40.8 umol
FFA-kg~!-min!) observed after 30 min of exercise. This
close matching between the highest possible availability
of FFA (i.e., 3 X glycerol R,) and total fat oxidation could
indicate that whole body lipolysis and thus total FFA
availability limits fat oxidation after 30 min of exercise at
65% VO0q max- After 120 min of exercise at 65% VO, max,
glycerol R, increased, indicating that total fatty acid
availability from lipolysis (50 wmol-kg™!-min~!) was
greater than the rate of fat oxidation. However, under
most conditions (other than exercise), fatty acids are
made available for oxidation at a rate two- to threefold
greater than the rate of oxidation; so even when avail-
ability of FFA exceeds oxidation numerically, availability
may still be limiting, perhaps because of transport limi-
tations into the mitochondria (34).

Lipolysis in peripheral adipocytes and of intramuscular
stores contributed equally to fat oxidation during exercise
at 65% VO3 max (Table 1, Fig. 8). The early studies of fat
metabolism during exercise reasoned that intramuscular
triglycerides must contribute to fat oxidation during
moderate-intensity exercise based on the observation
that the uptake of plasma FFA by the exercising limb was
less than the measured rate of fat oxidation (17). This
general concept was subsequently supported by the ob-
servation that muscle triglyceride concentration (mea-
sured on biopsies) declined during prolonged moderate-
intensity exercise (i.e., 55-75% VO0g max). On the basis of
assumptions regarding the amount of muscle mass re-
cruited, it was estimated that intramuscular triglycerides
accounted for a considerable percentage of the fat oxi-
dized during moderate-intensity exercise (12, 19). How-
ever, no study has attempted to systematically quantify
muscle triglyceride use during exercise at various inten-
sities, probably due to the technical difficulty in measur-
ing muscle triglyceride on small biopsy samples as well as
recognition of the fact that various muscles differ mark-
edly in triglyceride use (25, 32), making the extrapolation
to whole body oxidation rates tenuous. However, our
presently reported method for quantifying intramuscular
triglyceride use is based on whole body measures and does
not suffer these limitations, although it should be recog-
nized that our calculation represents the minimal rate of

Downloaded from www.physiology.org/journal/ajpendo by ¥ individual User.givenNames} % individua User.surname} (050.038.074.001) on December 29, 2018.



SUBSTRATE UTILIZATION DURING EXERCISE

intramuscular triglyceride use because it assumes that all
of the plasma FFA taken up from plasma are oxidized.

High-intensity exercise (85% V0g mq4.).- Plasma FFA
concentration was much lower during exercise at 85%
VO3 max than at lower intensities due to a marked reduc-
tion in FFA R, into the plasma (Table 1, Fig. 6). The
decrease in FFA R, was not due primarily to an inhibition
of whole body lipolysis or peripheral lipolysis, since glyc-
erol R, was maintained. Jones et al. (21) have previously
reported that FFA (specifically palmitate) release into
plasma is reduced in untrained subjects during high-in-
tensity exercise, but they did not quantify lipolysis; thus
the reason for the decrease in FFA release was unclear. In
our study, plasma FFA concentration increased dramat-
ically during the minutes immediately after high-inten-
sity exercise due to an increase in FFA R,, despite a
simultaneous reduction in lipolysis, as reflected by glyc-
erol R,. This relationship is probably explained by an
entrapment of FFA within adipose tissue during exercise,
with a release after exercise (18). Because FFA are hy-
drophobic, they can only be transported in the blood
bound to albumin, which has only limited FFA carrier
capacity (31). A reduction in adipose tissue blood flow
could result in decreased FFA release from the adipose
tissue. In contrast, glycerol is water soluble; therefore, its
appearance in plasma is not blood flow dependent. There
is some evidence that blood flow to adipose tissue, as well
as skin, declines as exercise intensity increases, especially
when it approaches 80-90% V03 pmax (1, 30), and plasma
catecholamines increase exponentially (22; Table 2). The
entrapment of FFA during high-intensity exercise could
therefore result from o-adrenergic inhibition of adipose
tissue blood flow or high FFA-to-albumin ratios in adi-
pose tissue (2). This could be an example of hierarchy
between different physiological functions (fat metabolism
vs. circulation) modulated by a common regulator (cate-
cholamines). Although this response is not advantageous
in terms of availability of fatty acids, it does provide a
greater delivery of oxygen to the active muscle. During
intense exercise, oxygen availability is more likely to be a
rate-limiting determinant of muscle function than fatty
acid availability, since muscle glycogen breakdown can
provide adequate energy substrates for a short time.

Fat oxidation declined as exercise intensity increased
from 65 to 85% VO3 .y along with the decline in FFA
appearance in plasma and plasma FFA concentration.
Much of this decline in fat oxidation was probably due to
the effects of high-intensity exercise on stimulation of
muscle glycogenolysis and glucose uptake (Fig. 8). How-
ever, it is possible that part of the reduction in fat oxi-
dation during high-intensity exercise was due to a sub-
optimal availability of plasma FFA. There is some
evidence during exercise that is intense enough to elicit a
low concentration of plasma FFA that exogenous supple-
mentation of FFA during exercise results in an increase in
fat oxidation (8).

Overall pattern of substrate availability and oxidation
during exercise of increasing intensity. An important find-
ing of this study is that lipolysis in peripheral adipose
tissue appears to be stimulated maximally during low-
intensity exercise and that it does not increase when
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exercise intensity is increased and when plasma cate-
cholamines increase dramatically (Tables 1 and 2). This
suggests that lipolysis in peripheral adipose tissue, at
least in endurance-trained men, is sensitive to the small
increases in plasma catecholamines during low-intensity
exercise. Lipolysis of intramuscular triglycerides, how-
ever, appears to be regulated differently in that it is not
stimulated during low-intensity exercise. However, lipol-
ysis of muscle triglycerides is stimulated when exercising
at 65% VOg max, yet it does not appear to increase when
exercise intensity is increased to 85% VO j,ax- This may
reflect that the higher threshold for catecholamine
stimulation is close to the maximal effective dose of
catecholamines.

In this study the decline in plasma FFA R, with in-
creasing exercising intensity was counterbalanced by in-
creases in glucose R,. Because the glucose and FFA taken
up by the tissues during exercise are almost completely
oxidized (6, 17), this indicates a progressive shift from
plasma FFA oxidation to blood glucose oxidation with
increasing exercise intensity. Although it is well known
that blood glucose uptake and oxidation increase with
exercise intensity (5), it has not been generally recognized
that plasma FFA uptake and presumably oxidation de-
crease reciprocally so that the combined contribution of
these plasma substrates to total energy expenditure re-
mains constant through a wide range of exercise intensi-
ties (i.e., 25-85% VOq max; see Fig. 8).

Effect of Duration of Exercise on Metabolic Response

The original goal of the study was to evaluate the ef-
fects of both exercise intensity and duration on the met-
abolic response. However, this was not possible at 85%
VOs max, because this level of intensity could only be
maintained for 30 min, and 20 min of exercise was re-
quired before a good isotopic steady state was achieved in
all factors. Thus the response over time can only be eval-
uated at 25 and 65% VO3 max- At 256% VO, ax, @ physio-
logical steady state seemed to exist, as there were no
significant changes from 30 min to 2 h in substrate avail-
ability and oxidation. At 65% VO max, 0N the other hand,
there was a progressive increase in plasma FFA and glu-
cose availability over time. Because the rates of total fat
and carbohydrate oxidation did not change over time, it
can be assumed that there was a progressive decrease in
the reliance on intramuscular triglycerides and glycogen
as energy substrates.

There is evidence to suggest that muscle glycogen con-
tribution to energy production decreases over time during
exercise of moderate to high intensity (7). However, no
prior information exists on the rate of intramuscular tri-
glyceride utilization during exercise in humans. We pre-
sume the progressive stimulation of peripheral lipolysis,
which resulted in increased plasma FFA concentration
and uptake by the muscle cells and which minimized the
use of intramuscular triglycerides, rather than the re-
verse, for several reasons. Most importantly, there is no
known mechanism by which intramuscular triglyceride or
fatty acid concentration can regulate peripheral lipolysis.
Furthermore, plasma FFA concentration increased over
time, so there was no substrate-feedback signal to the
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adipose tissue that intramuscular fatty acid availability
from local triglyceride hydrolysis was decreasing. These
results support the notion that the breakdown of intra-
muscular triglyceride occurs to compensate for the slug-
gish response of FFA release at the onset of moderate
exercise. In contrast to the situation during 65% VOg max
exercise, during 25% VO, n.x, availability of fatty acids
derived from plasma were apparently adequate to meet
substrate requirements for that intensity of exercise.
Thus muscle triglyceride breakdown occurred to a mini-
mal degree, despite the systemic stimulation of lipolysis
reflected by the high rate of glycerol R,. This implies
different mechanisms of regulation of peripheral and
muscle lipolysis, but, at this point, we have no indication
of the specific factors regulating intramuscular lipolysis.

In summary, lipolysis in peripheral adipocytes appears
to be high during low-intensity exercise (ie., 25%
VO, max) and does not increase with increasing exercise
intensity despite large increases in circulating catechola-
mines. In contrast, little intramuscular lipolysis occurs
during low-intensity exercise compared with moderate-
and high-intensity exercise. Despite high lipolytic rates
in peripheral adipose tissue, the rate of release of FFA
into plasma declines progressively with increased exercise
intensity to a point where plasma FFA concentration
during exercise at 85% V Oy 1.« is markedly suppressed. It
is possible that this reduced availability of plasma FFA
may contribute to part of the decline in fat oxidation
observed when the intensity of exercise is increased from
65 to 85% VOq max- Finally, this progressive decline in
plasma FFA turnover with increasing exercise intensity
appears to be offset by progressively increasing blood glu-
cose turnover; therefore the contribution of plasma sub-
strates to caloric expenditure remains remarkably con-
stant over this wide range of exercise intensities (i.e.,
25-85% VO0s max)-
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