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A B S T R A C T Arterial concentrations and net substrate
exchange across the leg and splanchnic vascular bed were
determined for glucose, lactate, pyruvate, and glycerol in
healthy postabsorptive subjects at rest and during 40 min
of exercise on a bicycle ergometer at work intensities of
400, 800, and 1200 kg-m/min.

Rising arterial glucose levels and small decreases in
plasma insulin concentrations were found during heavy
exercise. Significant arterial-femoral venous differences
for glucose were demonstrated both at rest and during
exercise, their magnitude increasing with work intensity
as well as duration of the exercise performed. Estimated
glucose uptake by the leg increased 7-fold after 40 min of
light exercise and 10- to 20-fold at moderate to heavy
exercise. Blood glucose uptake could at this time ac-
count for 28-37% of total substrate oxidation by leg
muscle and 75-89% of the estimated carbohydrate
oxidation.

Splanchnic glucose production increased progres-
sively during exercise reaching levels 3 to 5-fold above
resting values at the heavy work loads. Close agreement
was observed between estimates of total glucose turn-
over during exercise based on leg glucose uptake and
splanchnic glucose production. Hepatic gluconeogenesis
-estimated from splanchnic removal of lactate, pyruvate,

glycerol, and glycogenic amino acids-could supply a
maximum of 25% of the resting hepatic glucose pro-
duction but could account for only 6-11% of splanchnic
glucose production after 40 min of moderate to heavy
exercise.

It is concluded that: (a) blood glucose becomes an in-
creasingly important substrate for muscle oxidation dur-
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ing prolonged exercise of this type; (b) peripheral glu-
cose utilization increases in exercise despite a reduction
in circulating insulin levels; (c) increased hepatic output
of glucose, primarily by means of augmented glyco-
genolysis, contributes to blood glucose homeostasis in
exercise and provides an important source of substrate
for exercising muscle.

INTRODUCTION
The liver is generally recognized as the only significant
source of blood glucose after a postabsorptive period of
10-14 hr. The estimated net splanchnic glucose produc-
tion in postabsorptive man (0.8-1.4 mmoles/min) is
sufficient to cover the glucose oxidation of the brain and
to supply fuel for the obligatory glycolytic tissues but
leaves little room for glucose oxidation by other tissues
(2). Accordingly, both the respiratory quotient and di-
rect measurements of substrate uptake by resting human
skeletal muscle have indicated that glucose metabolism
is of minor importance (3) compared with the oxidation
of fat in the form of free fatty acids (4). On the other
hand, during physical exertion when substrate avail-
ability and interrelationships are drastically altered,
there is indirect isotopic evidence of an accelerated whole
body glucose turnover (5). In contrast, direct estimates
of muscle glucose uptake during exercise in man have
yielded divergent results; considerable glucose uptake
has been reported (6-8), but so has virtual nonutilization
of this substrate (9-11). Methodological problems in the
determination of small arterio-venous glucose differ-
ences may well have contributed to the discordant re-
sults. However, some of the differences may also be re-
ferrable to variation in the intensity, duration, and type
of exercise performed (1). In addition, although in-
creased mobilization of glucose from the liver has been
observed during exercise (12, 13), previous studies have
not attempted to correlate peripheral and splanchnic glu-
cose balance. The present study was therefore undertaken
to quantify the importance of blood glucose as a sub-
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TABLE I

Heart Rate, Oxygen Uptake, and Estimated Leg Blood Flow at Rest and after 10 and 40 min
of Exercise at Various Work Intensities*

Exercise

400 kg-m/min 800 kg-m/min 1200 kg-m/min

Rest 10 min 40 min 10 min 40 min 10 min 40 min

Heart rate, beals/min 60 43 94 ±6 109 ±8 135 48 146 49 140 ±4 158 43
Oxygen uptake, ml/min 256 419 943 ±29 1010 ±40 1691 ±43 1811 ±69 2279 4172 2532 ±126
Respiratory quotient 0.77 ±0.01 0.79 ±0.02 0.80 ±0.02 0.85 ±0.01 0.82 40.01 0.87 ±0.02 0.87 ±0.03
A-FV oxygen diff., mi/liter 61.5 +6.6 145.5 45.2 149.8 45.7 157.0 ±6.8 165.7 ±5.8 148.5 ±3.0 156.2 ±47.0
FV oxygen saturation, %O 59.4 ±6.0 24.1 ±1.7 20.7 43.0 19.2 43.7 13.4 ±1.5 19.7 ±1.0 15.0 41.1
Leg blood flow, liter/min 0.92 ±0.05 3.69 ±0.11 4.06 ±0.12 7.12 ±0.44 7.21 ±0.39 10.25 ±0.75 10.94 ±40.59
Hematocrit, % 41.6 ±0.7 44.0 ±0.6 44.0 ±0.5 45.1 41.0 44.6 ±0.7 43.9 ±1.0 43.2 40.8

* Data are presented as mean ±sE.

strate for exercising muscle and to examine the role of
hepatic glycogenolytic and gluconeogenic processes in
the maintenance of glucose homeostasis during physical
exertion. The response to exercise at different intensities
and durations has been investigated by simultaneous de-
terminations of net balance of glucose, lactate, and pyru-
vate across the exercising leg and splanchnic vascular
bed in postabsorptive man. In addition, the relation of
splanchnic glucose balance to true hepatic glucose out-
put has been estimated by examining arterio-portal ve-
nous glucose differences in subjects undergoing elective
cholecystectomy. Studies on amino acid metabolism in
the exercised subjects are reported separately (14).

METHODS
Subjects. All subjects were healthy adult male volun-

teers. Three were students, all the others were employed
by the Stockholm fire department. Data for age, height,
and weight on individual subjects have been reported pre-
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FIGURE 1 Arterial glucose concentrations and arterial-
femoral venous (A-FV) glucose differences at rest and
during exercise (mean +SE) at work loads of 400 kg-m/min
(0- *), 800 kg-m/min (I- ), and 1200 kg-m/min
(-A*).

viously (14). Four subjects were studied on more than one
occasion, at different work loads. One subject was studied
twice at a work load of 1200 kg-m/min. None of the sub-
jects participated in training programs or competitive ath-
letics on a regular basis. They were informed of the nature,
purpose, and risks involved in the study before giving
their voluntary consent.

Procedure. The subjects were studied after an overnight
fast in the resting state and during upright exercise for
40 min on a bicycle ergometer at work loads of 400, 800,
or 1200 kg-m/min (1 kg-m/min = 0.163 w). The techniques
employed for catheterization of the brachial artery, femoral
vein, and hepatic vein, for determination of hepatic blood
flow (15-17), and for collection of expired air have been
described elsewhere (14). Blood flow to both legs was
estimated from pulmonary oxygen uptake and the arterial-
femoral venous oxygen difference according to the formulas
of Jorfeldt and Wahren (18) as described previously (14).
Blood samples were collected simultaneously from the
brachial artery and the femoral and hepatic veins at rest
and repeatedly at timed intervals during exercise. In two
subjects blood samples were also obtained from a catheter-
ized right sided renal vein. Total blood loss during each
study was less than 250 ml.

Analyses. Glucose was analyzed in whole blood using
the glucose oxidase reaction (19). In view of the some-
times minute arterio-venous glucose differences measured
in this study, it was considered important to determine that
such differences were not due to the presence in arterial or
venous blood of nonspecific reducing and oxidizing sub-
stances which respectively, compete with the chromogen for
hydrogen peroxide or cause nonspecific chromogen oxida-
tion. This was tested in three different ways. Firstly, when
small amounts of a glucose standard solution were added to
arterial and venous blood (n=10), the measured recoveries
did not differ significantly (97.7 ±2.8 and 97.9 ±2.6% re-
spectively, mean +SD). Secondly, the effect of nonspecific
hydrogen peroxide consumption in the reaction system was
tested as described by Hjelm and de Verdier (20) by in-
cubating the blood extract with all reagents of the reaction
except glucose oxidase and measuring the color develop-
ment when known amounts of hydrogen peroxide were
added. Arterial and femoral venous blood samples obtained
both at rest and during heavy exercise in three subjects
were tested in this way. Using the paired t test it was found
that arterial and venous samples did not differ in this re-
spect (t=1.18, n=25). However, both types of samples gave
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TABLE I I
Arterial Concentrations of Glucose, Lactate, Pyruvate, Glycerol, and Free Fatty Acids

at Rest and during Exercise at Different Work Loads*

Exercise
Work
load n Rest4 5 min 10 min 20 min 30 min 40 min

kg-m/min mmoles/liter
Glucose

400 10 4.15 --0.06 4.25 --0.04 4.26 4-0.05 4.33 ±40.05 4.30 4-0.06 4.34 -±0.06
800 9 4.16 4-0.12 4.20 -0.19 4.15 ±-0.21 4.36 ±t0.23 4.49 ±-0.27 4.62 ±-0.33

1200 6 4.19 ±-0.11 4.40 ±40.13 4.63 --0.16 5.04 ±-0.32 5.39 ±-0.41 5.63 ±-0.44

Lactate
400 10 0.63 ±t0.05 1.13 -0.16 1.01 ±40.12 0.95 ±-0.11 0.90 ±t0.09 0.88 ±-0.11
800 9 0.73 ±t0.05 2.88 ±0.40 2.71 --0.50 2.72 ±-0.65 2.26 -±0.42 2.02 ±-0.43

1200 6 0.68 ±-0.09 3.12 ±-0.65 2.75 -±0.59 2.76 ±-0.63 2.73 ±40.61 3.51 ±-1.15

Pyruvate
400 10 0.065 4-0.004 0.086 ±0.009 0.078 ±t0.006 0.080 -±0.007 0.079 ±-0.009
800 9 0.075 -0.004 0.173 -0.022 0.179 -0.026

1200 6 0.066 -±0.003 0.155 ±-0.019 0.154 ±-0.023

Glycerol
400 3 0.035 -40.006 0.126 ±0.029 0.141 --0.037 0.195 -0.048
800 3 0.081 40.016 0.139 ±0.038 0.195 ±0.040 0.277 ±0.039

1200 6 0.062 ±:0.006 0.188 ±0.018 0.290 ±0.023 0.420 40.035

Free fatty acids
400 8 0.553 ±0.038 0.475 ±0.016 0.635 ±0.021 0.707 ±0.063
800 6 0.489 40.070 0.382 ±0.040 0.462 40.069 0.514 40.080

1200 6 0.614 ±-0.095 0.434 ±0.056 0.537 ±-0.066 0.653 ±0.014

* Data presented as mean ASE in millimoles/liter.
t Data for the resting state represent the mean of 2-4 observations at 5- to 10-min intervals in each subject.

a 7-10%o hydrogen peroxide consumption not found with the
blank, which is in agreement with previous published data
(20). Finally, nonspecific oxidation of the chromogen was
tested by adding extracts of the above mentioned arterial
and femoral venous samples to a reaction mixture in which
the glucose oxidase had been omitted. No measurable color
development was found for either type of sample. It is thus
concluded that the measured arterial-venous blood glucose
differences reported below are not a consequence of non-
specific inteferring substances in either arterial or venous
blood.

Lactate (21), pyruvate (22, 23), and glycerol (24) were
determined in whole blood enzymatically. Free fatty acids
in plasma were analyzed by gas chromotography (25).
Insulin was measured in plasma by radioimmunoassay with
the use of talc to separate bound and free insulin (26).

Blood samples for analysis of oxygen saturation and
hemoglobin concentration were drawn into 10-ml siliconized
glass syringes. Oxygen saturation was determined spectro-
photometrically by a slightly modified form of the method
of Drabkin (27). Hemoglobin concentration was analyzed
using the cyanmethemoglobin technique (28). Indocyanine
green was determined spectrophotometrically at 805 nm. A
calibration curve was made for each subject with known
dilutions of the dye solutions used. Hematocrit was deter-
mined using a microcapillary hematocrit centrifuge and
a correction for trapped plasma (29). Expired air was ana-
lyzed using the Scholander microtechnique.

For the various chemical analyses, the error of the
method expressed as the coefficient of variation for a single
determination was as follows: glucose, 1.3%; lactate, 6.8%
(0-1 mmoles/liter) and 3.2% (1-10 mmoles/liter); pyru-
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FIGURE 2 Insulin concentration of arterial plasma at rest
and during exercise at different work loads. Symbols as
in Fig. 1.

Glucose Metabolism during Leg Exercise in Man 2717



TABLE I I I

Arterial-Femoral Venous Differences (A-FV) for Glucose, Lactate, and Pyruvate at Rest
and during Exercise at Different Work Loads*

Exercise
Work

A-FV load n Restt 5 min 10 min 20 min 30 min 40 min

kg-m/min
Glucose,

mmoles/liter 400 10 0.14 ±0.05 0.14 40.02 0.21 ±0.04 0.26 40.04 0.30 ±0.04 0.36 40.05
800 9 0.19 40.04 0.13 ±0.04 0.22 ±0.06 0.22 ±0.04 0.31 40.05 0.40 ±0.04

1200 6 0.25 40.06 0.35 40.04 0.34 ±0.04 0.34 ±-0.04 0.41 ±0.05 0.49 ±O.05

Lactate,
mmoles/liter 400 10 -0.15 ±0.03 -0.07 ±0.08 -0.11 ±0.04 -0.14 ±0.08 -0.08 +0.03 -0.09 40.05

800 8 -0.14 40.06 -0.10 ±0.13 -0.23 ±0.18 -0.11 ±0.07 -0.08 40.04 -0.04 ±0.05
1200 6 -0.04 40.11 -0.13 ±0.17 -0.03 ±0.03 -0.14 ±0.04 -0.06 40.06 -0.12 ±0.19

Pyruvate,
mmoles/liter 400 10 -0.002 40.003 -0.005 40.007 -0.008 ±0.008 0.008 ±0.10 -0.005 ±0.003 -0.011 40.006

800 8 -0.001 40.006 -0.003 ±0.005 0.017 ±0.008
1200 6 0.010 ±0.007 0.008 ±0.005 -0.020 ±0.020

* Data presented as mean ±SE in millimoles/liter.
$ Data for the resting state represent the mean of 2-4 observations at 5- to 10-min intervals in each subject.

vate, 8%; glycerol 4.5%; indocyanine green, 3.4%; oxygen
saturation 0.9% (20-50%o) and 0.4%o (90-100%).

Determination of portal vein glucose levels. To establish
the relationship between true hepatic glucose output and
estimated splanchnic glucose production (calculated as the
product of hepatic blood flow and arterial-hepatic venous
[A-HV] 1 glucose differences), arterial-portal venous (A-
PV) glucose differences were measured in five patients
(28-46 yr of age) undergoing elective surgery for uncom-
plicated cholelithiasis. A brachial artery catheter was in-
serted percutaneously before surgery, and duplicate blood
samples were simultaneously collected during the surgical
procedure from the protal vein by direct puncture and from
the arterial catheter. The A-PV glucose difference was
0.08 ±0.03 mmoles/liter (mean ±SE), and the arterial con-
centration was 6.09 ±0.36 mmoles/liter. This A-PV differ-
ence for glucose is slightly larger than that previously re-
ported by Myers (30) for three patients with cirrhosis of
the liver and portal hypertension. The finding indicates that
the splanchnic glucose production measured on the basis of
A-HV glucose differences slightly underestimates the true
hepatic glucose production. Considering the magnitude of
the A-HV glucose differences reported below and since
the estimated contribution of arterial blood to the total liver
blood flow is approximately 30% (31), this error may be
calculated to be 5% or less in the resting state. No correc-
tion has been applied for this underestimation.

Standard statistical methods have been employed (32)
in analyzing the data, using the paired t test when ap-
plicable.

RESULTS
Heart rate, oxygen uptake, and estinmated leg blood

flow. Data for heart rate and oxygen uptake at rest and
during exercise are given in Table I. Mild exercise at

' Abbreviations used in this paper: A-FV, arterial-femoral
venous; A-HV, arterial-hepatic venous; A-PV, arterial-
portal venous; EHBF, estimated hepatic blood flow.

400 kg-m/min increased basal oxygen uptake approxi-
mately 4-fold. Exercise at 800 kg-m/min caused a 6- to
7-fold rise in oxygen uptake, while the heaviest work
load was associated with a 9- to 10-fold increase. Both
heart rate and oxygen uptake were found to increase
slightly during the course of the 40 min exercise period,
as has been reported previously (33). There was a
marked rise in the arterial-femoral venous (A-FV) oxy-
gen difference and thus a fall in FV oxygen saturation
after 10 min of exercise. Between the 10th and 40th min
of exercise a small further increase in A-FV oxygen
difference was seen at all work loads. Estimated blood
flow to the leg increased approximately 4-fold at 400
kg-m/min and 8- to 12-fold at the heavier work loads.
The hematocrit increased slightly at the onset of exer-
cise and then remained constant.

Arterial substrate concentration. Table II presents
the arterial concentrations of glucose, lactate, pyruvate,
glycerol, and free fatty acids at rest and during exercise.
The arterial glucose concentration was not significantly
changed during mild exercise at 400 kg-m/min. How-
ever, work loads of 800 and 1200 kg-m/min elicited a
gradual rise in the glucose concentration which was most
pronounced for the heaviest load (Fig. 1). Lactate, py-
ruvate, and glycerol concentrations all increased with
exercise, the last demonstrating a progressive rise
throughout the exercise period. Free fatty acid concen-
trations fell 15-30% after 10 min of exercise (P < 0.01).
This initial fall was followed by a gradual rise during
the remainder of the exercise period to levels which at
40 min exceeded the resting concentration (P < 0.01 ).

Arterial plasma insulin levels were determined in 10
subjects as shown in Fig. 2. The mean plasma level of
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TABLE IV

Arterial-Hepatic Venous Differences (A-HV) for Glucose, Lactate, Pyruvate, Glycerol, and Oxygen and Hepatic Vein
Oxygen Saturation at Rest and during Exercise at Different- Work Loads*

Exercise
Work

A-HV load n Rest: S min 10 min 20 min 30 min 40 min

kg-mlmin
Glucose,

mmoles/liler 400 5 -0.79 40.06 -1.17 40.35 -1.00 ±0.14 -1.59 40.31 -2.15 40.95 -2.38 40.85
800 7 -0.86 40.12 -2.08 0.95 -1.97 40.56 -3.59 41.01 -4.28 ±1.06 -4.80 41.38

1200 4 -0.67 ±0.08 -1.46 ±0.58 -2.66 ±0.62 -3.99 41.29 -6.58 ±1.32 -5.98 40.78

Lactate,
mmoks/liter 400 5 0.18 ±0.07 0.06 ±0.37 0.35 ±0.14 0.43 40.13 0.36 40.18 0.50 ±0.20

800 7 0.22 ±0.12 1.11 40.32 0.86 ±0.25 0.76 40.23 0.65 40.18 0.58 ±0.19
1200 6 0.24 40.07 2.01 ±0.45 0.91 ±0.21 0.79 ±0.18 0.81 ±0.40 0.52 ±0.12

Pyruvate,
mmoles/liter 400 5 -0.003 ±0.013 0.018 ±0.012 0.025 40.011

800 7 0.019 40.007 0.051 ±0.026 0.064 40.015
1200 6 0.020 ±0.003 0.029 ±0.018 0.054 40.013

Glycerol,
mmoles/liter 400 3 0.035 ±0.006 0.111 ±40.022 0.138 ±0.036 0.235 ±0.040

800 3 0.051 ±0.031 0.088 ±0.048 0.142 40.077 0.194 ±0.105
1200 5 0.062 ±0.006 0.139 ±0.026 0.209 ±0.032 0.357 ±0.039

Oxygen, mi/liter 400 5 50.6 43.2 75.0 46.4 91.1 ±6.7 90.5 ±13.4
800 7 49.1 ±6.6 85.8 ±8.6 97.3 ±14.3 120.9 ±15.7

1200 6 47.8 42.5 112.4 ±-9.3 136.0 ±8.2 160.7 ±4.4

HVoxygen
saturation, % 400 5 72.2 ±2.0 59.0 ±3.5 49.8 43.4 50.3 ±7.1

800 7 70.4 ±1.9 54.3 46.7 50.6 ±7.7 36.4 ±8.2
1200 6 73.3 ±1.3 38.6 ±3.8 24.4 ±4.0 12.0 41.5

* Data presented as mean 4sE in millimoles/liter for glucose, lactate, pyruvate, and glycerol, in milliliters/liter for oxygen, and in per cent for HVoxygen
saturation.
t Data for the resting state represent the mean of 2-4 observations at 5- to 10-min intervals in each subject.

insulin was 7.0 ±0.8 AU/ml (mean ±SE) at rest. During
exercise arterial insulin levels fell slightly to 5.6 ±0.8
AU/ml (P < 0.01, paired t test) at 10 min and to 5.0
+-0.8 .U/ml at 40 min (P < 0.05).

Leg metabolism. The influence of exercise on sub-
strate exchange across the leg is shown in Table III.
In the resting state there was significant net uptake of
glucose and release of lactate across the leg. Exercise
at 400 and 800 kg-m/min resulted in a progressive in-
crease in the arterial-femoral venous (A-FV) difference
for glucose during the entire work period (Fig. 1).
With severe exercise (1200 kg-m/min) the A-FV dif-
ference for glucose increased markedly during the first
5 min and then stabilized, demonstrating only a moderate
further rise during the last 15 min of the exercise pe-
riod (Fig. 1). The values obtained at 1200 kg-m/min
were significantly higher during the entire period of ex-
ercise than those obtained for either of the other work
loads (P < 0.001).

The mean A-FV differences for lactate were nega-
tive both at rest and during exercise (Table IV). How-
ever, this value was significantly different from zero
only in the resting state (P < 0.05). The pyruvate A-FV

differences
time.

did not differ significantly from zero at any

FIGURE 3 Estimated hepatic blood flow at rest and during
exercise (mean -SE) at work intensities of 400, 800, and
1200 kg-m/min. Symbols as in Fig. 1.
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TABLE V

Splanchnic Glucose Production and Uptake of Lactate, Glycerol, and Oxygen at Rest and during Exercise at Different Work Loads*

Exercise
Work
load n RestT 5 min 10 min 20 min 30 min 40 min

kg-m/min
Glucose production,

mmoles/min 400 5 0.80 40.06 1.21 :1=0.38 0.99 4-10.19 1.48 40.20 1.42 ±0.54 1.64 40.46
800 7 0.82 40.10 0.90 ±0.24 1.23 40.31 2.07 40.48 2.07 ±0.42 2.23 40.49

1200 4 0.81 ±0.09 1.42 ±0.28 1.96 40.27 2.60 ±-0.32 3.56 ±0.50 3.76 ±0.66
Lactate uptake,

mmoles/min 400 5 0.19 ±0.04 0.48 ±0.12 0.32 ±0.12 0.33 40.09 0.34 ±0.19 0.33 40.06
800 7 0.28 ±0.06 0.84 ±0.23 0.57 40.16 0.44 40.11 0.33 ±0.06 0.27 ±0.07

1200 4 0.25 ±0.06 1.32 40.33 0.63 ±0.12 0.44 ±0.11 0.45 ±0.29 0.24 40.06

Glycerol uptake,
mmoles/min 400 3 0.021 ±0.002 0.051 ±0.006 0.053 ±0.012 0.061 40.012

800 3 0.030 ±0.004 0.037 40.007 0.045 ±0.009 0.054 40.011
1200 5 0.038 40.004 0.046 40.008 0.058 40.009 0.091 ±0.013

Splanchnic oxygen
uptake, ml/min 400 5 52.4 ±3.9 67.1 ±4.5 76.6 4±12.6 62.0 ±4.9

800 7 59.7 ±3.8 59.4 46.3 59.0 ±6.7 61.0 ±5.7
1200 4 51.9 ±4.2 63.1 ±7.6 64.5 ±4.9 71.4 ±7.0

* Data presented as mean ±SE.
t Data for the resting state represent the mean of 2-4 observations at 5- to 10-min intervals in each subject.

Splanchnic metabolism. Estimated hepatic blood flow
(EHBF) decreased markedly during exercise (Fig. 3).
The adaptation to a new level of hepatic blood flow oc-
curred during the first 20-30 min of the exercise period.
On the average a 30% reduction was seen after 40 min
at 400 kg-m/min. Corresponding values for 800 and 1200
kg-m/min were 55 and 62%.

The arterial-hepatic venous (A-HV) glucose differ-
ence increased progressively with exercise at all work
loads, the rise being most marked at the heaviest load
(Table IV). After 40 min there were for the 400, 800,
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FIGURE 4 Estimated splanchnic glucose production at rest
and during exercise (mean SE) at work intensities of 400,
800, and 1200 kg-m/min. Symbols as in Fig. 1.

and 1200 kg-m/min groups approximately 2.5-, 6.5-, and
13-fold increases respectively, in the A-HV glucose dif-
ferences. Significant splanchnic uptakes were measured
both at rest and during exercise for lactate, pyruvate,
and glycerol (Table IV). Glycerol showed the highest
splanchnic fractional extraction (expressed as [A-HV]/
A) of these substrates, with values of 91-100% at rest
and 63-100% during exercise. Lactate fractional extrac-
tion was largest at the beginning of the exercise and
then fell.

Splanchnic glucose production was calculated as the
product of EHBFand the A-HV glucose difference (Ta-
ble V). A gradual increase with time was observed dur-
ing exercise at all work loads, the rise in glucose produc-
tion being most pronounced at the heaviest work load
(Fig. 4). As compared with the resting state, splanchnic
glucose output increased approximately 2-, 3-, and 5-fold

TABLE VI
A rterial-Renal Venous Differences for Glucose

at Rest and during Exercise

Exercise, 800 kg-m/min

Subject Rest 10 min 20 min 30 min 40 min

mmoles/litcr
Y. G. 0.03 0.09 -0.11 -0.08 0.05
M. F. 0.05 0.10 ±0 0.07 -0.08
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after 40 min of exercise at work loads of 400, 800, and
1200 kg-m/min, respectively. Estimated splanchnic glu-
cose production after 40 min of exercise correlated di-
rectly with indices of relative work intensity such as
heart rate (r = 0.75, P < 0.001) and arterial lactate
concentration (r = 0.83, P <0.001) and inversely with
simultaneous hepatic venous oxygen saturation (r = -
0.85, P <0.001). The reproducibility of the splanchnic
glucose response to exercise is indicated by the data on
subject C. G. who was studied on two occasions, on the
second of which both a right and left hepatic vein were
catheterized. As shown in Fig. 5 there was good agree-
ment between the various estimates of splanchnic glu-
cose output in this subject.

Splanchnic lactate uptake rose markedly within 5-10
min of initiation of exercise and subsequently demon-
strated a continuous decline during the remainder of the
exercise period (Table V). In contrast, glycerol uptake
increased with time at all levels of work intensity mainly
as a consequence of rising arterial glycerol concentra-
tions. Exercise, particularly at the heavy work loads,
was accompanied by a marked increase in fractional ex-
traction of oxygen by the splanchnic bed as seen from
the low levels of hepatic venous oxygen saturation and
high A-HV oxygen differences (Table IV). Splanchnic
oxygen uptake rose slightly during exercise (Table V),
despite the pronounced fall in EHBF. For the entire
group the mean increase from rest to 40 min of exercise
was 15% (P<0.01).

Renal metabolism. To determine if the kidney is an
important source of glucose production in exercise, a
renal vein was catheterized in two subjects and arterial-
renal venous glucose differences were determined (Table
VI). No consistent uptake or production of glucose was
found during exercise.

DISCUSSION
The current findings demonstrate the presence of sig-
nificant extraction of glucose by leg tissue both at rest
and during light as well as strenuous exercise. The
femoral venous blood derives at rest from both muscle
and subcutaneous tissue. Human subcutaneous tissue is
known to utilize glucose (34), and its glucose uptake
no doubt contributes to the A-FV difference seen at
rest. However, the fraction of blood from subcutaneous
tissue in the femoral venous drainage is likely to be-
come successively smaller as the work load and com-
ponent of muscle blood flow increase during exercise
(35). Considering the large leg muscle mass and the
high oxygen extraction ratio observed, it is likely that
the A-FV differences for glucose measured during
exercise are primarily representative of leg muscle
metabolism.
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FIGURE 5 Splanchnic glucose production at rest and during
exercise at 1200 kg-m/min in subject C. G. on one occasion
(filled circles) and 3 months later (open circles), when
glucose production was estimated from measurements on
blood from both a right (RHV) and a left (LHV) sided
hepatic vein.

At all levels of work intensity the A-FV glucose
differences as well as leg blood flow increased, indicat-
ing that exercise resulted in a marked augmentation
of net glucose uptake by the leg. The magnitude of this
augmentation may be estimated from the product of leg
blood flow (Table I) and the A-FV differences for
glucose (Table III). By this calculation, glucose up-
take by the leg increased 7-fold above resting levels
during light exercise (400 kg-m/min) and rose 10- and
20-fold at work intensities of 800 and 1200 kg-m/min,
respectively (Fig. 6).

Data for the estimated contribution of blood glucose
to total oxidative metabolism of the leg are given in
Table VII. Total oxidative metabolism has been deter-
mined from the A-FV oxygen difference; carbohydrate
oxidation was estimated on the basis of the ventilatory
respiratory quotient (Table I). The FV-A differences
for lactate have been subtracted from the glucose A-FV
differences so as to exclude that proportion of glucose
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FIGURE 6 Comparison of estimated glucose uptake by the
legs and splanchnic glucose production in subj ects at rest
and after 40 min of exercise at various work intensities
(mean +SE).
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TABLE VI I
Estimated Contribution of Blood Glucose to Total Oxidation and to Total Carbohydrate Oxidation

by the Leg at Rest and during Exercise at Different Loads

Exercise

400 kg-m/min 800 kg-m/min 1200 kg-m/min

Rest 10 min 40 min 10 min 40 min 10 min 40 min

Substrate exchange
A-FVGIucos, mmoles/liter 0.18 0.21 0.36 0.22 0.40 0.34 0.49
FV-ALaetate, mmoles/liter 0.14 0.11 0.09 0.23 0.04 0.03 0.12
G-L,* mmoles/liter 0.66 0.93 1.89 0.63 2.28 1.95 2.58

02 uptake
A-FVo2, mmoles/liter 2.98 6.50 6.69 7.92 7.89 6.63 6.97

(A-FVo2cHot mmoles/liter 0.54 1.84 2.12 3.87 3.05 3.69 3.16

Blood glucose contribution to 02 uptake
(G-L)/02,§ % 22 14 28 8 29 29 37
(G-i)/O2cHoI %o 122¶f 51 89 16 75 53 82

* Blood glucose available for terminal oxidation, calculated as A-FVGjueo0, -I (FV-A)L'tte and
expressed as oxygen equivalents in millimoles/liter.
t Oxygen uptake used for carbohydrate oxidation as estimated from RQ (Table II), expressed
in millimoles/liter.
§ The fraction of total oxygen uptake by the leg accounted for by oxidation of glucose ex-
tracted from the blood, expressed as per cent.
11 The fraction of the leg oxygen uptake used for carbohydrate oxidation accounted for by
oxidation of glucose extracted from the blood, expressed as per cent.
¶ This value suggests that a portion of the glucose uptake in the resting state is stored in the
form of glycogen and/or triglyceride, rather than oxidized or released as lactate.

uptake not available for terminal oxidation. This results
in a slight overestimation of glucose available for oxi-
dative metabolism, inasmuch as evidence is presented
elsewhere that the carbon skeleton of glucose appears
as alanine as well as lactate (14). However, since lac-
tate release accounts for 5-12% of glucose uptake dur-
ing prolonged exercise (Table VII) and "glucose-de-
rived alanine" is estimated to be formed at approxi-
mately one-half the rate of lactate (36), this overestima-
tion of oxidizable glucose is quite small.

During exercise, the data indicate that blood glucose
oxidation covers an increasing fraction of both total
and carbohydrate oxidation of the leg muscles at all
levels of work intensity (Table VII), thereby substi-
tuting in part for the gradually diminishing endogenous
muscle stores of carbohydrate (13, 37). While muscle
glycogen is likely to be the dominating carbohydrate
substrate during the initial phase of exercise, the utiliza-
tion of blood glucose rises steadily with time. At 40
min of exercise blood glucose can-if completely oxi-
dized-sustain as much as 75-90% of the carbohydrate
metabolism and 28-37% of the total oxidative metabo-
lism (Table VII). It should be emphasized that changes

in blood flow need not be considered in these estimates
of the relative contribution of glucose to oxidative me-
tabolism since flow is the same for each substrate. On
the other hand, due to the changing pattern of blood
glucose and muscle glycogen utilization, values ob-
tained at isolated points in time after the onset of
exercise provide only a limited part of the whole pic-
ture and may not be representative of the entire scope
of substrate utilization. Nevertheless, it can be con-
cluded that during exercise with the large muscle
groups of the leg, as in the case of rhythmic work
with the forearm flexors (8, 38), blood glucose is a
quantitatively important substrate for muscle oxidation.

With respect to the mechanism of the rise in glucose
uptake, it is particularly noteworthy that a significant
decrease in plasma insulin concentration was observed
in association with exercise. In agreement with previ-
ous reports (39), the magnitude of this diminuation in
insulin levels was quite small. However, the bidirec-
tional response of circulating glucose and insulin, par-
ticularly with severe exercise (40), suggests that in-
sulin secretion was in fact inhibited during physical
work, perhaps as a consequence of increased release
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TABLE VI II
Balance of Glucose and Gluconeogenic Substrates across the Splanchnic Bed at Rest

and during Exercise at Different Work Loads

Exercise

400 kg-m/min 800 kg-m/min 1200 kg-m/min

Rest 10 min 40 min 10 min 40 min 10 min 40 min

Glucose production, mmoles/min 0.81 0.99 1.64 1.23 2.23 1.96 3.76

Glucose-precursor uptake,* mmoles/min
Lactate 0.120 0.160 0.165 0.285 0.135 0.315 0.120
Pyruvate 0.008 0.009 0.010 0.018 0.018 0.009 0.012
Glycerol 0.016 0.026 0.032 0.014 0.027 0.023 0.046
Glycogenic amino acidst 0.053 0.047 0.063 0.042 0.056 0.038 0.043

Total precursor uptake,§ mmoles/min 0.205 0.242 0.270 0.359 0.236 0.385 0.221

Glucose production derivable from
precursor substrate, % 25.3 24.4 16.4 29.2 10.6 19.6 5.9

* Expressed as glucose equivalents in millimoles/min.
t Sum of splanchnic uptake of alanine, glycine, serine, threonine, tyrosine, and phenylalanine; the data are
based on the report of Felig and Wahren (14).
§ Sumof uptakes of lactate, pyruvate, glycerol, and glycogenic amino acids, expressed as glucose equivalents
in millimoles/min.

of norepinephrine (41, 42). It has been postulated that
exercise-induced hypoinsulinemia serves to limit blood
glucose uptake by muscle, thereby increasing its avail-
ability to the brain (40). However the current data pro-
vide direct evidence that glucose uptake by muscle is
in fact stimulated in exercise despite a reduction in
insulin levels. Thus our findings in intact normal man
support the view based on in vitro evidence (43) and
on studies in insulin-dependent diabetic subjects (44),
that increased muscle glucose uptake during exercise
does not depend on the ability to secrete increased
quantities of insulin.

In accordance with previous studies (12, 13, 45)
splanchnic glucose output increased significantly at all
levels of exercise. The importance of hepatic glucose
production in the maintenance of blood glucose homeo-
stasis during physical work and as a source of substrate
for exercising muscle is underscored by the close agree-
ment between estimated rates of glucose uptake by leg
muscle and splauchnic glucose release (Fig. 6). In the
resting condition splanchnic glucose output is far in
excess of leg uptake inasmuch as the brain is the prime
site of glucose utilization in the basal state (2). How-
ever, with increasing physical activity the relative con-
tribution of cerebral glucose utilization to total uptake
of blood glucose diminishes so that increasingly close
correspondence is observed between splanchnic and leg
glucose exchange (Fig. 6). In addition to the liver, the
kidney has the capacity to synthetize significant amounts
of glucose, particularly in the prolonged fasted state

(46). However direct measurements in this study in
two subjects showed no detectable renal glucose pro-
duction. Since no organ except the kidney and the liver
is capable of significant gluconeogenesis and since
muscle glycogenolysis, in the absence of glucose-6-phos-
phatase in muscle, is unlikely to contribute significantly
to the blood glucose level, it is concluded that hepatic
glucose mobilization is the dominant and quite likely the
sole source of the increased amounts of glucose utilized
during exercise.

The splanchnic balance of the gluconeogenic sub-
strates lactate, pyruvate, glycerol, and glyconeogenic
amino acids is shown in Table VIII. The sum of these
compounds divided by two gives an estimate of the
theoretically possible rate of gluconeogenesis assuming
maximum conversion efficiency. The data indicate that
at rest, approximately 25% of the glucose output may
have been derived from the measured precursor sub-
strates and approximately 16% from lactate and py-
ruvate, which is in reasonable agreement with results
obtained using other techniques (47-49) and our own
previously published data (49). During exercise total
substrate extraction initially increased primarily as a
result of increased uptake of lactate. As the exercise
proceeded, total glucose production increased further
although total precursor uptake remained unchanged
(400 kg-m/min group) or decreased (800 and 1200 kg-
m/min groups) as a result of diminished lactate up-
take. Accordingly, the possible contribution from glu-
coneogenesis fell, so as to account for only 6-11% of
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total glucose output after 40 of exercise at the heavier
work loads (Table VIII). It is thus apparent that
during exercise, particularly at heavy work loads, the
major part of the splanchnic glucose production is de-
rived from hepatic glycogenolysis. Approximate calcu-
lations of the area under the splanchnic glucose pro-
duction curves show that an average of 100 mmoles or
18 g of glucose was formed during a 40 min exercise
period at 1200 kg-m/min, which appears quite reason-
able in view of recent reports of a liver glycogen con-
tent of approximately 50 g/kg for postabsorptive man
(50).

As to the factors responsible for increased glyco-
genolysis in exercise, the fall in plasma insulin levels
may be of some significance. The importance of small
changes in insulin secretion in modulating splanchnic
glucose balance has recently been demonstrated in in-
tact man during the infusion of glucose (49). Further-
more, peripheral insulin levels may not fully reflect the
extent of alteration in portal venous insulin concentra-
tion (51). Alternatively, increased adrenergic activity
with physical exertion may contribute to stimulation of
glycogenolysis. However, plasma epinephrine levels fail
to increase significantly with exercise (52). Although
the concentration of norepinephrine does rise, it is a
far less potent stimulus of hepatic glucose release (53).
Nevertheless, augmented activity of the sympathetic
innervation of the liver remains a possibility. Hepatic
hypoxia has also been proposed as a glycogenolytic
stimulus in exhaustive exercise (45). However, this is
unlikely to be of importance in the current study, in
view of the observed increase in splanchnic oxygen con-
sumption (Table V). Finally, the possibility of altered
glucagon secretion must be considered and cannot be
excluded on the basis of currently available data.
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