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Blood glucose turnover during high- and low-intensity exercise

DAN M. COOPER, THOMAS J. BARSTOW, ANNE BERGNER, AND W.-N. PAUL LEE
Department of Pediatrics, Harbor-University of California at Los Angeles Medical Center,

Torrance, California 90509

COOPER, DAN M., THOMAS J. BARSTOW, ANNE BERGNER,
AND W.-N. PAUL LEE. Blood glucose turnover during high- and
low-intensity exercise. Am. J. Physiol. 257 (Endocrinol. Metab.
20): E405-E412, 1989.—We hypothesized that whole body glu-
cose uptake (Rq) during exercise is not related in a simple,
linear manner to O, uptake (V0,). To test this, seven healthy
male subjects (age range 23-34 yr) were studied in the postab-
sorptive but not glycogen-depleted state. Three conditions were
examined: 1) rest, 2) 40 min of constant exercise in which the
work rates were carefully chosen to consist of low-intensity
exercise (no elevated blood lactate, a mean of 40% maximal
Vo0,), and 3) 40 min of high-intensity exercise (markedly ele-
vated blood lactate, 79% maximal V0,). Gas exchange was
measured breath by breath, and glucose uptake and production
were measured using [6,6-H;]glucose. Low-intensity exercise
(n = T) resulted in a small but not statistically significant
increase in mean Ry [3.06 = 0.37 (SE) mg.min™-kg™] com-
pared with resting values (2.87 = 0.39 mg-min~"'-kg™) despite
a fourfold increase in the production of CO, and V0, By
contrast, the high-intensity exercise Rq (n =5, 6.98 + 0.67 mg-
min~!.kg™!) was significantly greater than the resting value
(3.03 + 0.56 mg-min~'.kg™'). Results of glucose production
were virtually the same. Similarly, mean levels of epinephrine
and norepinephrine increased significantly above resting values
during high- but not low-intensity exercise. Our data demon-
strate that whole body glucose dynamics and regulation during
40 min of exercise do not change in a simple linear manner
with respect to metabolic rate.

glucose uptake; glucose production; anaerobic threshold; lactate
threshold; catecholamines; insulin; gas exchange

DURING EXERCISE, O, uptake (V0,) increases in an al-
most linear manner with work rate (40). It is also gen-
erally held that uptake of glucose by exercising muscles
increases with work rate (32, 38). However, there are a
number of reasons to believe that whole body glucose
turnover might not parallel the Vo, response to exercise.

Most notably, there is evidence suggesting that sub-
strate utilization is different for strenuous (high-inten-
sity) exercise compared with exercise at more moderate
work rates. First, lactate concentrations are increased
during exercise only when the work performed is above
a certain intensity; exercise performed below this point
is not accompanied by changes in blood lactate (26, 43).
Second, with exercise of sufficient intensity, breathing
hypoxic gas leads to elevated lactate concentrations
(which would otherwise only result from increasing the
work rate) and to increased rates of glucose uptake and
production (11). Third, studies of substrate utilization of
leg muscles during exercise also suggest that muscle
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glucose uptake does not change as a linear function of
work rate. The data of Wahren et al. (38) show that the
magnitude of the increase in leg muscle glucose uptake
is greater at higher work rates. Finally, it is noteworthy
that cardiorespiratory indicators of metabolic rate [e.g.,
Vo,, respiratory quotient, and heart rate (HR)] do not
achieve steady states when exercise is performed above
a certain intensity (viz., when lactate concentrations are
elevated) despite the fact that the work rate may remain
constant (Fig. 1) (8).

It is also likely that there is a difference, particularly
under resting conditions, between glucose turnover of
the whole body and glucose turnover of muscle. This
discrepancy arises because resting muscle metabolizes
relatively little circulating glucose (2) and because resting
muscle blood flow and Vo, comprise only a small pro-
portion of total cardiac output and VO, (22). As a result,
the relationship between whole body glucose uptake and
Vo0, during exercise will be determined, in part, by the
proportional redistribution of cardiac output and sub-
strate utilization that occur during exercise.

To determine if whole body glucose uptake increases
as a linear function of V0., a study was designed in which
subjects would be examined at three different metabolic
rates: 1) while resting, 2) during constant work rate low-
intensity exercise (no increase in blood lactate), and 3)
during high-intensity exercise (marked increase in blood
lactate. Gas exchange was measured breath by breath,
peripheral blood glucose turnover was assessed using the
tracer 6,6-dideuteroglucose, and levels of epinephrine,
norepinephrine, and insulin [immunoreactive insulin
(IRI)] were measured in normal subjects at rest and at
the high and low-intensity work rates. In this way, car-
diorespiratory and metabolic responses to the same work
rate input could be assessed simultaneously.

METHODS

Population. The study population consisted of seven
healthy males ranging in age from 23 to 34 yr old. Age,
weight, height, and parameters of aerobic exercise are
shown in Table 1. It is noteworthy that the population
was generally fit as judged by the ratio of anaerobic
threshold (AT) to maximal VOs (VO3 max and VOg max per
kilogram. The project was approved by the Institutional
Review Board for human subjects and informed consent
was obtained.

Protocol. Each subject performed a progressive exercise
test (ramp protocol) on a cycle ergometer for the deter-
mination of the VO, .« and the lactate or AT (41). The
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FIG. 1. Breath-by-breath O, uptake (V0,) and heart rate (HR)
during last 5 min of rest and 40 min of high-intensity [above anaerobic
threshold (AT)] and low-intensity (below-AT) exercise. There were
large increases in VO, and HR for both types of exercise. High-intensity
exercise was characterized by continuously increasing HR and Vo,
despite constant work rate. Last several minutes of HR during high-
intensity exercise were not recorded because of technical difficulties
caused by sweat interfering with skin electrode.

AT is used to determine the work rate above which
lactate increases the blood. Based on these progressive
exercise tests, two work rates were chosen for the con-
stant work rate exercise protocol: low intensity work rate
was comparable to ~60% of the subject’s AT, and high
intensity work was comparable to 25% of the difference
between the AT and the VOg e These work rates were
chosen so that low-intensity exercise would result in a
significant and easily measurable increase in V0o, while
exercise performed above the AT would not be too diffi-
cult for the subjects to perform continuously for 40 min
as required by the protocol. These work rates represented
40 + 4% (SE) and 79 + 4% V0g max for the low-and high-
intensity exercise, respectively. Two of the subjects ex-
perienced mild vasovagal symptoms during the rest
period before the high-intensity exercise protocols, and
the tests were discontinued. Thus seven subjects com-
pleted the low-intensity exercise, and five of them com-
pleted the high intensity protocol as well.

Each exercise testing session (viz, progressive exercise,
low-intensity constant work rate exercise, and high-in-

GLUCOSE TURNOVER DURING EXERCISE

tensity constant work rate exercise) occurred on separate
mornings after an overnight fast. The exercise sessions
were separated by at least 1 wk, and whether the work
rate would be high or low intensity was determined by
the flip of a coin. In the constant work rate protocols,
each subject received a priming dose of [6,6-*H,]glucose,
and a constant infusion of the tracer was begun via
catheterization of an antecubital vein. We chose [6,6-
®Hs]glucose because it had been previously used as a
tracer for measurements of whole body glucose turnover
(6) and because glucose recycling pathways have little
quantitative effect on hydrogen atoms in the sixth posi-
tion of the molecule (5, 23). The constant infusion was
calculated individually for each subject to achieve ~2-
3% labeling of peripheral blood glucose under resting
conditions (mean priming dose of 6.28 mg/kg and mean
infusion rate of 0.079 mg-kg™'-min~'). Based on our
previous studies of glucose turnover (11), we used the
value of 3 mg-min~".kg™" as the target glucose uptake to
ensure a measurable enrichment for both rest and exer-
cise. The bolus or priming dose was determined as the
amount of labeled glucose equivalent to the first 80 min
of tracer infusion. One hundred minutes were used for
achievement of steady-state enrichment. The measure-
ment period followed and consisted of 40 min of rest and
then 40 min of constant work rate exercise. Blood sam-
ples were obtained from a catheterized antecubital vein
every 5 min for glucose concentration and isotopic en-
richment and every 10 min for measurement of lactate
(18), IRI (15), epinephrine, and norepinephrine (29).

Plasma samples were deproteinized and glucose was
isolated using standard techniques. The aldonitrile pen-
tacetate derivative of glucose was used to assess enrich-
ment of glucose using electron beam ionization and gas
chromatography-mass spectrometry (36, 37). Isotopic en-
richment was calculated using a least-squares approach
(25), which allowed us to measure the molar isotopic
ratio. Tracer was assumed to mix with tracee within a
single glucose compartment using modifications de-
scribed by Steele (35). The rate of glucose appearance
(R,, i.e., hepatic glucose production) and the rate of
glucose disappearance (R4) were calculated by knowing
the rate of infusion and by measuring glucose concentra-
tion and the ratio of labeled to unlabeled glucose. These
calculations have been validated during conditions of
non-steady-state glucose flux (30).

TABLE 1. Age, weight, aerobic parameters, and work rate during constant exercise in study sample

- Low- High- Low- High-
Subject Age, Weight, VOQ'{mx, AT, AT/VO2max X?zrnr‘::r{ E(;g, m‘?Tn/l ll{fl): Intensity Inteﬁsity Intensity Intpgsity
yr kg 1/min 1/min % k! kgl Work Rate, Work Rate, Vo,, Vo,,
W W %Vozmnx %VOZmax
1 24 84 4.25 2.05 48 51 24 65 32
2 27 76 4.49 3.22 72 59 42 115 39
3 23 65 3.53 2.09 59 54 32 70 165 32 72
4 30 67 441 2.90 66 66 43 110 230 32 69
5 29 74 3.40 2.58 76 46 35 75 183 33 72
6 23 87 2.65 1.77 67 31 20 85 163 66 86
7 34 76 3.30 1.84 56 43 24 90 210 47 94
Means+SE 27+1 76£3 3.72+0.24 2.35%+0.20 63+3 50+4 3243 877 190+10 40+4 79+4

* Anaerobic threshold per kilogram.
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TABLE 2. Mean V0, V€0, and HR during rest and low- and high-intensity exercise

V0,, 1/min VC0,, I/min HR, beats/min
Subject Low-intensity High-intensity Low-intensity High-intensity Low-intensity High-intensity
Rest exercise Rest exercise Rest exercise Rest exercise Rest exercise Rest exercise

1 0.37 1.37 0.30 1.04 68 90

2 0.27 1.73 0.19 1.60 61 98

3 0.35 1.12 0.40 2.53 0.28 0.99 0.30 2.23 51 90 64 148

4 0.35 1.41 0.40 3.05 0.32 1.33 0.37 3.02 62 102 59 162

5 0.27 1.11 0.41 2.45 0.23 1.01 0.32 2.28 67 98 58 128

6 0.47 1.74 0.35 2.28 0.31 1.47 0.31 2.30 74 114 76 178

7 0.34 1.54 0.48 3.10 0.22 1.36 0.36 3.15 77 116 83 171
Means 0.35+0.02 1.43+0.09* 0.41+0.02 2.68+0.157 0.26+0.02 1.26+0.09* 0.33+£0.01 2.59+0.18Ff 66+3 101+4* 68+4 15787

+SE

V0., 0, uptake; Vco,, CO, output; HR, heart rate. * Significantly greater than rest (P < 0.01). t Significantly greater than rest and low-

intensity exercise (P < 0.01).
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FIG. 2. Blood glucose and lactate concentrations during rest and
high- and low-intensity exercise. Closed triangles, high-intensity pro-
tocol; open squares, low-intensity protocol. Data points, mean + SE at
each sampling interval. There were no significant differences in glucose
concentrations among rest and high- and low-intensity exercise. Mean
lactate during low-intensity exercise was virtually unchanged from rest
but was markedly increased during high-intensity exercise.

The subjects breathed through a low-impedance tur-
bine volume transducer for measurement of inspiratory
and expiratory volumes. Dead space of the mouthpiece
and turbine device was 170 ml. Respired partial pressure
of O, (P0y) and CO, (Pc0,) were determined by mass
spectrometry from a sample drawn continuously from
the mouthpiece at 1 ml/s. The electrical signals from
these devices underwent analog-to-digital conversion for
the on-line breath-to-breath computation of VO, (STPD),
CO, output (VCO,, STPD), and expired ventilation (Vg,
BTPS) as previously described (4). HR was measured
beat-by-beat using a modified lead I ECG for which three

leads were placed on the chest.

Determination of the anaerobic or lactate threshold
from gas exchange measurements is well described (42).
It is based on the coupling of CO, production and venti-
lation. When lactate concentration increases during ex-
ercise, the excess hydrogen ion is buffered by bicarbonate
and CO, is liberated. The increased CO. production
stimulates ventilation but not V0,. Thus the threshold
is measured by finding hyperventilation relative to V0,
(but not to Vco,), i.e., the Vo, above which Vg/Vo0, and
end-tidal Po, increase without an increase in VE/VC0,
or a decrease in end-tidal PCO,.

Data analysis. The test statistics consisted of the mean
values for each subject of the resting and exercise meas-
urements of the variables listed above. Analysis of vari-
ance (ANOVA) (repeated measures) was used to test the
effect of the different conditions (rest, low-intensity ex-
ercise, high-intensity exercise). In the cases where miss-
ing data were present (i.e., the two subjects who did not
complete the high-intensity protocol), iterative tech-
niques were used to estimate these values (34). Moreover,
statistical analysis of the five subjects who completed all
protocols was invariably the same as using the seven
subjects. When ANOVA was significant, mean values
were compared with modified ¢ tests. Values are ex-
pressed as the mean + SE.

RESULTS

Gas exchange and heart rate responses. An example of
a typical Vo, and HR response to the constant work rate
protocol is shown in Fig. 1. In this subject, regression
analysis of VO, and HR during the high-intensity exer-
cise period showed that both Vo, and HR increased
progressively with time (r = 0.42, P < 0.05 and r = 0.91,
P < 0.05, respectively) despite the fact that the work
rate was constant; this observation is characteristic of
exercise performed above the AT as demonstrated in
previous studies (8). The mean values of VO, VCO,, and
HR obtained from the 40 min of low-intensity exercise
were significantly greater than the mean values during
the 40-min rest period (Table 2) (e.g., below-AT exercise
resulted in a fourfold increase in mean VO, over resting
values). The mean values of V0., VCO;, and HR from
high-intensity exercise were significantly greater than
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FIG. 3. Isotopic molar ratio, glucose production (R,), and glucose
uptake (Rqg) during rest and high- and low-intensity exercise. Closed
triangles, high-intensity protocol; open squares, low-intensity protocol.
Data points, mean + SE at each sampling interval. Molar ratio did not
change during low-intensity exercise compared with resting values but
decreased markedly with high-intensity protocol. This is reflected in
the considerable increase in R, and Ry during high-intensity exercise.
There was virtually no change in R, and R4 during low-intensity work.

both rest and low-intensity exercise (Table 2) (e.g.,
above-AT exercise caused an 8-fold increase over resting
values).

Glucose turnover. The mean values for glucose and
lactate concentrations are shown in Fig. 2. Figure 3 shows
the molar isotopic enrichment of glucose and the calcu-
lated values for R, and R4 at each sampling interval
during the rest and exercise portions of the protocol. As
expected, lactate concentrations did not change between
rest and low-intensity exercise (mean lactate, 0.70 = 0.05
mM and 0.79 £ 0.07 mM, respectively) but were signifi-
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cantly higher during high-intensity exercise (mean 3.41
+ 0.66 mM, P < 0.01 compared with resting values).

We have quantified enrichment here as the molar ratio
of [6,6-°’Hz]glucose to total glucose (expressed as per-
cent), which is similar to specific activity used in radio-
active tracer studies. The mean values during rest and
exercise for glucose concentration, molar isotopic ratio,
R., and Rq of each subject are shown in Table 3. No
changes were found in the mean glucose concentrations
of the resting and exercise conditions, indicating home-
ostatic regulation of blood glucose. Although there was
no change in mean molar isotopic enrichment between
rest and low-intensity exercise, there was a significant
reduction in enrichment during high-intensity exercise.
Consequently, there was no difference between glucose
turnover (R,, Rq) during rest and low-intensity exercise.
Only during high-intensity exercise was there a signifi-
cant increase in glucose turnover above resting values.
R, did not differ from R4 under any of the conditions
studied.

We calculated the possibility of a type 2 statistical
error (i.e., the probability that there was, in fact, an
increase in glucose turnover between rest and low-inten-
sity exercise). For a true 10% increase the probability of
a type 2 error is 0.5; it drops to 0.15 or less for a true
20% difference and is <0.10 for an increase of 30%.
Moreover, given the variance of the data, a sample pop-
ulation of 117 would have been required to achieve sta-
tistical significance (P < 0.05) for the 7% increase in
glucose that we actually observed between rest and low-
intensity exercise (13).

Norepinephrine, epinephrine, and insulin. It can be
seen in Fig. 4 that there was no significant difference in
norepinephrine concentrations between rest and low-
intensity exercise (mean 438 + 53 and 553 + 60 pg/ml,
respectively); however, norepinephrine was significantly
elevated at high-intensity exercise (mean value 2142 =+
417 pg/ml, P < 0.01 greater than resting values). Al-
though levels of epinephrine increased during low-inten-
sity exercise (mean values: rest, 31 + 4 pg/ml; below AT,
63 £ 6) only during high-intensity exercise (mean value,
180 + 43 pg/ml) did the increase achieve statistical
significance (P < 0.01). It is noteworthy that regression
analysis during the low-intensity exercise identified a
significant upward trend of the mean epinephrine con-
centration as the exercise period progressed (r = 0.94, P
< 0.05).

The mean values of IRI during rest (6.0 = 1.0 xU/ml)
and low- (4.5 = 1.1) and high-intensity exercise (4.0 =
0.6) were not statistically different. Nonetheless, during
exercise IRI tended to fall from resting values (Fig. 4)
with regression analysis over time showing correlations
of —0.66 (P < 0.05) and —0.89 (P < 0.05) for low- and

high-intensity exercise, respectively.

DISCUSSION

The data suggest that high-intensity exercise (in the
range of work rates associated with elevated lactate
concentrations) is associated with a different pattern of
glucose production, utilization, and regulation than is
low-intensity exercise (no increase in lactate concentra-
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TABLE 3. Mean values of glucose concentration, molar isotopic ratio, glucose production, and glucose uptake

Rest Low-Intensity

Subject Rest

High-Intensity

Low-Intensity High-Intensity

Rest Rest

Exercise Exercise Exercise Exercise
Glucose concentration, mg/100 mg Molar isotopic ratio, %

1 73.0 779 3.05 3.14

2 90.0 90.4 1.83 1.86

3 87.5 90.9 82.6 80.0 1.94 2.00 2.72 1.94

4 86.5 92.1 87.0 139.5 1.67 1.50 3.40 2.46

5 92.8 100.8 874 94.0 2.32 2.38 2.18 1.68

6 86.8 94.0 91.1 96.5 2.57 2.56 3.40 2.46

7 99.6 104.3 89.6 94.1 2.22 2.28 1.90 1.51
Means+SE 88.0+2.8 92.9£3.0 87.6+1.3 100.8+9.0 2.23+0.17 2.25+0.19 2.72+0.28 2.01+0.18*

R, mg-min~'.kg™? Ry, mg-min~t. kg™!

1 1.34 1.22 1.42 1.43

2 3.99 4.20 4.40 3.85

3 241 2.59 1.42 5.39 2.12 2.61 1.40 6.03

4 4.43 5.22 5.03 12.35 3.93 4.55 4.80 9.31

5 3.14 3.81 3.43 8.01 3.26 2.87 3.38 7.70

6 2.88 3.37 3.30 6.00 2.32 3.22 3.12 5.77

7 2.63 2.77 3.53 6.53 2.65 2.89 2.49 6.12
Means+SE 2.97+0.36 3.31+0.45 3.34%+0.57 7.65+1.25* 2.87+0.39 3.06+0.37 3.03%0.56 6.98+0.67*

R., glucose production; Ry, glucose uptake. * Differed significantly from resting, P < 0.05.

tions). We found no statistically significant increase in
mean R, and R4 during low-intensity exercise compared
with resting values. However, even if a small increase in
glucose uptake was missed (a type 2 error), the analysis
of our data virtually precludes the magnitude of this
increase to be anywhere near the fourfold increase in
VO0,. By contrast, glucose turnover increased markedly
during high-intensity exercise. The data presented here
document work-rate related differences in glucose turn-
over and catecholamine responses that parallel the dif-
ferences in blood lactate concentrations known to occur
above and below the lactate or AT. Although our data do
not definitively demonstrate a threshold for glucose up-
take and production during exercise, these findings do
support the hypothesis that whole body glucose turnover
is not related in a simple linear manner to metabolic rate
(Voy).

The results of this study are not inconsistent with
previous investigations. We examined a group of studies
done since 1980 in which whole body blood glucose
turnover was measured during exercise in humans with
the use of metabolic tracers (9, 11, 16, 20, 21, 28, 33, 44)
(Table 4). In Fig. 5, the mean data from each of these
studies are plotted along with the results of the present
study and the data on leg glucose uptake obtained by
Wahren and co-workers (38). The whole body glucose
uptake data from the other laboratories suggest a nonlin-
ear increase in glucose uptake at work rates occurring
between 40 and 60% of VOs max. This is the range of work
rates where the anaerobic or lactate threshold normally
occurs.

As can be seen in Fig. 5, our study differs from that of
Wahren et al. (38) in which blood glucose uptake across
exercising muscles was estimated from estimates of leg
blood flow and measurements of glucose concentrations
obtained with arterial and venous femoral catheters. We
did not observe a significant increase in R, or Rq from

rest to below-AT exercise, whereas Wahren’s group dem-
onstrated a sevenfold increase in glucose uptake from
rest to 65-W exercise. Resting glucose uptake measured
in the other investigations of whole body glucose uptake
was also markedly different from Wahren’s data. This
apparent discrepancy may actually reflect the fact that
local muscle glucose uptake is not necessarily propor-
tional to whole body glucose kinetics. In the transition
between rest and exercise, cardiac output is redistributed;
blood flow to the working muscles increases while blood
flow to other tissues remains constant or actually falls
(10). Therefore an increase in muscle glucose uptake
during exercise could be balanced by reduction in glucose
uptake by other tissues due, in part, to the reduced
delivery of glucose to those tissues (e.g., to adipose tissue
or nonexercising muscle). As a result, R, and Rq (meas-
ured by tracer dilution and reflecting whole body glucose
kinetics) during low-intensity exercise need not change
in direct proportion to the changes occurring at the
exercising muscles.

There are, however, certain qualitative similarities be-
tween our findings and the observations of Wahren’s
group (38). In their study, a 65-W increase in work rate
(from 65 to 130 W) resulted in only a 43% increase in
muscle glucose uptake, whereas an additional 64-W in-
crease in work rate resulted in a doubling of glucose
uptake. The difference between leg and whole body glu-
cose uptake appears to be virtually gone by light exercise
(36-40% V02 max) when leg blood flow and VO, begin to
account for most of the total body blood flow and VO0,.
The five subjects in our study who exercised at above
lactate or anaerobic threshold work rates (79% VO3 max)
represented the highest work intensity and highest value
for whole body glucose uptake of the studies reviewed in
which whole body glucose uptake was measured. Our
data and the values obtained from the highest intensity
exercise in Wahren’s study appear to describe an almost
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FIG. 4. Epinephrine, norepinephrine, and immunoreactive insulin
(IRI) during rest and high- and low-intensity exercise. Closed triangles,
high intensity protocol; open squares, low-intensity protocol. Data
points, mean + SE at each sampling interval. Mean values of both
epinephrine and norepinephrine during high-intensity exercise were
markedly increased compared with mean resting values. Mean norepi-
nephrine during low-intensity exercise was not greater than mean
resting value. Although mean epinephrine during low-intensity exercise
did not differ from mean resting value, linear regression analysis over
time demonstrated that epinephrine significantly increased in low-
intensity protocol. Mean IRI during high- and low-intensity exercise
did not differ from the mean resting values. However, linear regression
analysis over time showed that IRI tended to decrease with time during
both protocols.

exponential increase in glucose uptake with increasing
work rate (Fig. 5).

It is important to note that glucose turnover during
even moderate exercise is likely to be dependent on the
duration of the exercise and on the work intensity. As
glycogen is progressively depleted in postabsorptive sub-
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FIG. 5. Glucose uptake (mmol/min) during exercise as a function of
metabolic rate (% VO.max). Open circles, mean values of data of this
study; triangles, data from Wahren et al. (38); and closed circles, data
from 7 studies cited in Table 4 (excluding our previous study on exercise
during hypoxia). For Wahren’s study and investigations cited in Table
4, we used the mean value during exercise period (exercise periods
ranged from 40 to 60 min). Resting value for the 7 cited studies (closed
circles) was the average of all 7 studies. Wahren et al. did not provide
VO0:max data for subjects. However, age, height, and weight data on
Wahren’s subjects were provided in an accompanying paper (14), and
these values were used to predict VO2 may (40). Note discrepancy between
leg glucose uptake (Wahren’s data) and whole body glucose uptake
under resting conditions. Whole body glucose uptake data suggest
a step increase in glucose uptake occurring between 40 and 60% of
VOsmax. Our data, in combination with those of Wahren, suggest an
almost exponential increase in glucose uptake as metabolic rate ap-
proaches VO3 max.

jects, increases in whole body glucose uptake may begin
to reflect increases in the uptake of circulating blood
glucose by the exercising leg muscles. However, for light
to moderate exercise, the time dependent effects are most
marked after 40 min of exercise. For example, Ahlborg
and co-workers (1) demonstrated that during light exer-
cise (30% of VO3 may) arterial glucose concentrations be-
gan to fall only after 40 min. Moreover, they found that
the largest amount of leg glucose uptake occurred at 90
min of exercise.

Sympathetic nervous system and adrenal responses as
well as insulin play a role in maintaining blood glucose
homeostasis during exercise, but there has been contro-
versy as to the relative importance of these regulatory
mechanisms (17, 27). Our data demonstrate that there is
a substantial range of work rates in which exercise can
be performed without an increase in peripheral glucose
turnover. The results for glucose turnover were mirrored
by the responses of catecholamines. During low-intensity
exercise, the small changes in catecholamines were minor
compared with those occurring in high-intensity exercise
and were far smaller, proportionally, than changes in the
Vo0,. The data support, therefore, the strong association
of norepinephrine and epinephrine release with glucose
production to meet the increased uptake of blood glucose
during high-intensity exercise. In contrast, IRI was not
closely associated with the changes in R, and R4, and the
mean values of IRI during low and high-intensity exer-
cise did not differ. The data suggest, therefore, that
regulation of IRI, although physiologicaly significant
during exercise, is not proportionally related to work
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TABLE 4. Representative studies of glucose turnover during exercise in human subjects
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Year Protocol Vo, AT or LT Constant or Simultaneous Vo, Tracer Ref.

Work Rate max Measured Work Rate or HR Measurement No.
1980 50-60% V0omax Predicted* No Constant \:/02 and HR [3-*H]glucose 28
1982 50% V02 max Predicted* No Constant Vo, and HR [3-*H]glucose 44
1982 60% VOzmax Predicted* No Variablet HR only [3-*H]glucose 9
1984 40% VO02max Measured No Constant Not stated [3-*H]glucose 33
1985 60% VO2max Predicted* No Variablet HR only [3-*H]glucose 20
1986 55-60% VO02max Measured No Constant Vo, and HR [3-*H]glucose 16
1986 Above and below AT Measured Yes Constant Vo, and HR [3-*H]glucose 11
1986 55% VO0somax Predicted* No Variablet HR only [2-*H]glucose 21

Vo0,, O, uptake; VOoma, maximal VO, AT, anaerobic threshold; LT, lactate threshold; HR, heart rate. * Based on constant work rate

submaximal measurements. T Adjusted to subject’s HR.

intensity or glucose turnover.

A distinguishing feature of high-intensity (above-AT)
exercise may be the presence of hypoxia at the muscle
tissue level. In a recent review, Katz and Sahlin (24)
concluded that lactate production during submaximal
exercise was “O, dependent.” Randle and Smith (31)
demonstrated in 1958 that hypoxia is a major stimulus
of glucose uptake in the rat diaphragm in vitro, thereby
establishing the existence of a “Pasteur effect” in mam-
malian muscle cells. More recently, Bylund-Fellenius et
al. (7), using intramuscular P0, probes, demonstrated
marked increases in muscle glucose uptake as tissue Po,
fell in exercising humans, and Idstrom and co-workers
(19) showed increases in glucose uptake when hypoxic
perfusates were used in isolated perfused rat hindlimb
experiments. Finally, Wasserman and co-workers (39)
found that blood glucose uptake and production in-
creased in exercising dogs when O, flow to the working
muscles was reduced by anemia.

However, regardless of the underlying mechanism re-
sponsible for the increase in lactate concentrations above
the lactate threshold, we believe that distinguishing high-
from low-intensity exercise is functionally important in
understanding the metabolic adaptation to exercise. In
earlier studies of peripheral blood glucose turnover dur-
ing exercise in humans, two- to fourfold increases in
glucose uptake were usually reported. We wondered
whether the discrepancy between these studies and our
findings during low-intensity work arose from differences
in the choice of work rate protocols in the various studies.
In examining the studies reviewed in Table 4, we were
struck by the observation that the work rate chosen for
the experimental protocol was almost invariably between
40 and 60% of the subject’s VO3 max. Although this is the
precise range in which the lactate threshold is known to
occur (42), in virtually none of the studies was the lactate
threshold measured.

The lactate threshold can occur over a relatively large
range (as noted, 40-60% of VO3 max in sedentary individ-
uals and 50-70% in our sample). This variability reflects,
in part, different levels of fitness (12) encountered in
any population of normal subjects. When work rate
protocols are designed using a fixed percentage of the
VO3 max in the range of 40-60%, the result will invariably
be a mixed sample population with subjects exercising
both below and above the lactate threshold. Moreover,
most of the studies cited in Table 4 relied on predicted

rather than measured VOs .y, which introduces substan-
tial error in the assessment of the relative work intensity
actually performed by the subjects. It is noteworthy that
Astrand and Rodahl (3), whose predictive nomograms
for VO, max are most often used, stated that direct meas-
urement of VOg . “is the method of choice for any
scientific investigation.” Thus it is not surprising that in
a number of the studies cited in Table 4, the investigators
actually had to lower the work rate of some subjects
while exercise was in progress because HRs were contin-
uously increasing and subjects were experiencing fatigue.
The inability to achieve steady states for HR and VO3 max
is characteristic of high-intensity (above-AT) exercise
(Fig. 1).

Inferences can be drawn from our data about the
degree to which peripheral blood glucose contributes to
total energy metabolism during exercise in normal, not
glycogen depleted, subjects by calculating the ratio of the
glucose uptake (Rq) to the metabolic rate (V0,). This is
done by converting Rq and V0, to equivalent moles of
CO,. If it is assumed that all of the measured glucose
uptake (Rq) were oxidized to CO,, then the ratio of Rq to
Vo, represents the largest contribution that could pos-
sibly be made by glucose in the peripheral blood to the
total amount of oxidized substrate. At rest, this value is
44%. By contrast, for both low- and high-intensity ex-
ercise, peripheral blood glucose oxidation could account
for a small proportion of VO,, 12 and 15%, respectively,
reflecting the fact that the metabolic rate changes much
more markedly than does R4 during exercise. Thus glu-
cose stored in the peripheral blood tends to be conserved
during exercise periods lasting as long as 40 min, and
glucose uptake and production appear to increase in a
nonlinear manner as work rates increase in intensity.
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