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ABsTRACT Arterial concentrations and substrate
exchange across the leg and splanchnic vascular beds
were determined for glucose, lactate, pyruvate, glycerol,
individual acidic and neutral amino acids, and free fatty
acids (FFA) in six subjects at rest and during 4 h of
exercise at approximately 309 of maximal oxygen up-
take. FFA turnover and regional exchange were evalu-
ated using *C-labeled oleic acid.

The arterial glucose concentration was constant for
the first 40 min of exercise, but fell progressively there-
after to levels 309 below basal. The arterial insulin
level decreased continuously, while the arterial glucagon
concentration had risen fivefold after 4 h of exercise.
Uptake of glucose and FFA by the legs was markedly
augmented during exercise, the increase in FFA uptake
being a consequence of augmented arterial levels rather
than increased fractional extraction. As exercise was
continued beyond 40 min, the relative contribution of
FFA to total oxygen metabolism rose progressively to
62%. In contrast, the contribution from glucose fell
from 409, to 309 between 90 and 240 min. Leg output
of alanine increased as exercise progressed.

Splanchnic glucose production, which rose 1009, above
basal levels and remained so throughout exercise, ex-
ceeded glucose uptake by the legs for the first 40 min
but thereafter failed to keep pace with peripheral glucose
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utilization. Total estimated splanchnic glucose output
was 75 g in 4 h, sufficient to deplete approximately 75%
of liver glycogen stores. Splanchnic uptake of gluco-
neogenic precursors (lactate, pyruvate, glycerol, alanine)
had increased 2- to 10-fold after 4 h of exercise, and
was sufficient to account for 459 of glucose release at
4 h as compared to 20-259% at rest and at 40 min of ex-
ercise. In the case of alanine and lactate, the increase
in precursor uptake was a consequence of a rise in
splanchnic fractional extraction.

It is concluded that during prolonged exercise at a
low work intensity (a) blood glucose levels fall because
hepatic glucose output fails to keep up with augmented
glucose utilization by the exercising legs; (b) a large
portion of hepatic glycogen stores is mobilized and an
increasing fraction of the splanchnic glucose output is
derived from gluconeogenesis; (c) blood-borne sub-
strates in the form of glucose and FFA account for
a major part of leg muscle metabolism, the relative
contribution from FFA increasing progressively; and
(d) augmented secretion of glucagon may play an im-
portant role in the metabolic adaptation to prolonged
exercise by its stimulatory influence on hepatic glyco-
genolysis and gluconeogenesis.

INTRODUCTION

Recent studies have demonstrated that blood glucose
plays an important role in the substrate supply of exer-
cising skeletal muscle during short-term exercise (1 h
or less) in man. During forearm as well as leg exercise,
glucose uptake by working muscle rises 20- to 35-fold
above the basal level, the increment being a function of
both intensity and duration of work (1, 2). If oxidized,
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TaBLE I

Age, Height, Weight, Maximal Oxygen Uptake,

and Work Load During Prolonged Exercise

Studied at work

Maximal oxygen load during pro- Oxygen uptake

Subject Age Height Weight uptake longed exercise during exercise*
yr cm kg liter/min wi % of max.
K. G. 28 184 73 4.49 105 317
U. G. 24 178 75 3.80 75 34
B. D. 31 190 82 4.57 90 29
L.P. 26 175 72 3.50 65 31
T. H. 32 176 74 3.45 65 31
0. K. 27 178 80 4.00 80 30

* Measured at 40 min of exercise.
{ Watts (1 watt = 6.135 kg-m/min).

the glucose taken up may support as much as 30-509, of
the oxidative metabolism of exercising muscle (1, 2).
The blood glucose pool is replenished continuously dur-
ing exercise of up to 1 h duration by a three- to fivefold
increase in glucose release from the liver (3, 4), the
major part being derived from hepatic glycogen mo-
bilization (2, 5). Quantitative assessments based on
estimated hepatic glycogen stores of 75-90 g in post-
absorptive man (5) suggest that the above rate of
hepatic glycogenolysis can be maintained for only a
limited period of time. Maintenance of glucose homeo-
stasis in prolonged exercise thus necessitates an increase
in gluconeogenesis, a diminution of glucose uptake by
muscle, or a combination of these mechanisms. Glucose
turnover and gluconeogenesis in prolonged exercise
have been evaluated by indirect isotopic techniques (6),
but direct measurements of splanchnic and peripheral
substrate exchange have not been reported in prolonged
exercise.

The current study was undertaken to examine quanti-
tatively the uptake of blood glucose and free fatty acid
(FFA) by working muscle and to evaluate the role of
hepatic glycogenolytic and gluconeogenic processes in
the maintenance of glucose homeostasis during prolonged
exercise. This was done by the simultaneous determi-
nation of leg and splanchnic exchange of substrates dur-
ing bicycle exercise for 4 h in healthy postabsorptive
subjects. In addition, data are reported on arterial in-
sulin and glucagon levels during prolonged exercise.

METHODS

Subjects. Six healthy male volunteers were studied in
the postabsorptive state after a 12-14 h overnight fast. In
Table I data on age, height, weight, and maximal oxygen
uptake are given. The maximal oxygen uptake was deter-
mined 2-3 wk before the study during bicycle exercise at
stepwise increased workloads. During the week immedi-
ately before the study, the subjects ingested a weight-
maintaining diet containing 2,400-4,000 kcal/day (mean
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3,300 kcal), consisting of 55% carbohydrate, 30% fat, and
15% protein. None of the subjects participated in training
programs or competitive athletics on a regular basis. All
subjects were informed of the nature, purpose, and pos-
sible risks involved in the study before giving their volun-
tary consent to participate.

" Procedure. The subjects were studied during a 30-min
rest period and during upright continuous bicycle exercise
for 4 h at a work load corresponding to approximately
30% of their maximal oxygen uptake (Table I). Teflon
catheters were inserted percutaneously into both femoral
veins, a femoral artery, and an antecubital vein. A Cour-
.nand catheter (no. 8) was introduced percutaneously into
a medial antecubital vein and advanced to a right-sided
hepatic vein under fluoroscopic control. Patency of the
catheters was maintained by intermittent flushing with
saline; the hepatic venous catheter was flushed with 1.5%
sodium citrate solution, a total of less than 0.3 g being
administered to the subject.

In the resting state and after 40, 90, 180, and 240 min
of exercise, expired air was collected for the determination
of pulmonary oxygen uptake; heart rate was recorded;
and arterial, femoral venous, and hepatic venous blood
samples were collected. A mixture of [*C]oleic acid (0.5
uCi/min, specific activity 59 mCi/mmol, NEN Chemicals,
Dreieichenhain, Germany) bound to human albumin and
indocyanine green dye was infused intravenously at a
constant rate to enable estimation of oleic acid turnover
and regional exchange as well as hepatic blood flow (7,
8). The latter infusions were started at 20, 70, 160, and
220 min of exercise and continued for 20 min; three blood
samples for determinations of plasma FFA radioactivity
and dye concentration were obtained between 15 and 20
min of infusion. Constant oleic acid specific activities were
observed in all subjects during the measuring periods (Fig.
1). Leg blood flow was determined by infusion of indo-
cyanine green dye (9). Total blood loss during the study
was less than 450 ml.

Analyses. Glucose (10), lactate (11), pyruvate (12),
and glycerol (13) were analyzed in whole blood by using
enzymatic techniques. Individual neutral and acidic amino
acids in plasma were determined after deproteinization with
sulfosalicylic acid by the automated ion-exchange chromato-
graphic technique (14). Total FFA and oleic acid con-
centrations in plasma were analyzed by gas chromatography,
using heptadecanoic acid as an internal standard (15, 16).
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Figure 1 Oleic acid specific activity (mean®=SEM) during the final 5 min of each measuring

period during exercise.

The FFA radioactivity was determined on a heptane ex-
tract with subsequent correction for the radioactivity of
esterified fatty acids remaining in the heptane after extrac-
tion of the free acids into alkaline 70% methanol. Plasma
insulin and glucagon were analyzed by radioimmunoassay
(17, 18). Oxygen saturation was measured spectrophoto-
metrically (19) and hemoglobin concentration by the cy-
anmethemoglobin technique (20). Hematocrit was mea-
sured by using a microcapillary centrifuge and corrected
for trapped plasma (21). Expired air was analyzed with
the Scholander microtechnique.

Calculations. The fractional uptake (f) of oleic acid
across the leg and splanchnic vascular beds was calculated
on the basis of its arterial (A) and venous (V) radio-
activity: f="C —18:1,v/*C — 18: 1.. The uptake of oleic

acid (U, umol/min) by the leg or the splanchnic area was
calculated as the product of f, the arterial plasma concen-
tration of free oleic acid, and the plasma flow (P). Re-
lease of oleic acid (R, umol/min) was estimated as the
difference between U and the net exchange of unlabeled
oleic acid: R=TU — (18:1sv)-P. The turnover rate of
oleic acid was calculated as the amount of radioactivity
infused per unit time divided by the oleic acid specific
activity. The fractional turnover of oleic acid was calcu-
lated as its turnover divided by the product of the arterial
concentration times the plasma volume. These calculations
have in part been reported previously (22).

Data in the text, tables, and figures are given as mean
*=SEM. Standard statistical methods have been employed,
using the paired ¢ test when applicable.

TasLE II

Heart rate, Oxygen Uptake, and Estimated Splanchnic and Leg Blood Flow at Rest
and during Prolonged Exercise*

Exercise

Rest 40 min 90 min 180 min 240 min
Heart rate, beats/min 53+2 10446 108+4 12144 12945
Pulmonary oxygen uptake, ml/min 27913 1,280+:88 1,302+113 1,365+:88 1,4174£94
Respiratory exchange ratio 0.7240.02 0.8140.02 0.824-0.02 0.7940.03 0.76+0.01
Mechanical efficiency, % 23.6+0.6 23.44+0.8 21.840.7 20.8+0.9
Leg blood flow, liters/min 0.4340.02 2.724+0.24 2.90+0.19 2.94+0.22 2.91+0.23
A-FV oxygen difference, ml/liter} 53.24+5.7 124.6 4.3 136.7+5.5 "132.745.9 136.6+4.7
Leg oxygen uptake, ml/min 2343 343440 396431 39643 40038
EHBEF § liters/min 1.124+0.03 1.08+0.11 1.0040.10 1.060.09 1.024:0.10
A-HV oxygen difference, ml/liter|| 479+3.4 74.8+7.3 92.649.9 110.04+2.1 118.5410.0
Splanchnic oxygen uptake, ml/min 5444 82415 93415 117411 118412
.Hematocrit, %, 414404 42.60.7 42.240.5 42.7+0.6 42.54+0.9

* Data are presented as mean=SEM.

} A-FV = arterial-femoral venous.

§ EHBF = estimated hepatic blood flow.
|| A-HV = arterial-hepatic venous.
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TasLe III
Arterial Concentrations of Glucose, Lactate, Pyruvate, Glycerol, Insulin, and Glucagon
at Rest and During Prolonged Exercise*

Exercise
Rest} 40 min 90 min 180 min 240 min

Glucose, mmol/liter 4.514+0.13 . 4.57+0.15 4.3040.15 3.53+0.19 3.124+0.29
Lactate, mmol/liter 1.06+0.13 1.3140.11 1.32+0.09 1.38+0.13 1.80+0.28
Pyruvate, mmol /liter 0.068+0.006 0.087+0.008 0.09140.009 0.09240.010 0.1094:0.012
Glycerol, mmol/liter 0.04+0.01 0.194+0.03 0.25+0.03 0.3940.04 0.484+0.05
FFA, mmol/liter 0.66+0.06 0.78+0.07 0.9340.12 _1.57:|:0.15 1.834+0.18
Glucagon, pg/mi 75+15 7616 99417 201467 408103
Insulin, wU/ml 13.9+19 12.3+1.6 10.0=1.4 7.2+19 6.2+1.4

* Data presented as meanSEM.

{ Data for the resting state represent the mean of two to three observation s at 5- to 10-min intervals in each

subject.

.RESULTS

Heart rate, pulmonary and splanchnic oxygen uptake,
and blood flows (Table II). After 40 min of exercise
the heart rate had increased about twofold over the rest-
ing value. During continued exercise it showed a small
progressive elevation (P <0.01), rising to 129%5 after
4 h work. The pulmonary oxygen uptake had risen ap-
proximately fourfold after 40 min of exercise, and rose
a further 109, during continued exercise (P <0.01).
The ventilatory exchange ratio rose from a resting value

of 0.72+0.02 to 0.82+0.02 (P <0.01) after 90 min
work and then gradually fell during the remaining ex-
ercise period.

Leg blood flow rose approximately sixfold from rest
to exercise and then remained essentially unchanged
during the exercise period. Similarly, leg oxygen uptake
increased approximately 16-fold and was then largely
unaltered during exercise. Estimated hepatic blood flow
did not change significantly from resting values during
the exercise period. In contrast, splanchnic uptake of

TaBLE IV
Arterial Concentrations, Splanchnic Exchange, and Leg Exchange of Individual Neutral and Acidic Plasma
Amino Acids at Rest and During Prolonged Exercise*

Arterial concentration

Splanchnic exchange

Leg exchange}

Exercise Exercise Exercise
Rest 40 min 240 min Rest 40 min 240 min Rest 40 min 240 min
umol/liter umol/min umol/min

Taurine 4334 46£3 4141 1.940.4 1.2+1.5 —1.6£2.5 1.4%1.0 —9.8+7.0 4.246.4
Aspartate 182 2144 162 —1.0x1.5 2.743.1 2.840.7 —1.8+1.0 1.84+4.6 7.24+4.6
Threonine 112 %15 114413 854168 10.1 1.5 16.8 4.1 19.94+6.0 —3.642.2 22444 —14.6£20.4
Serine 119410 13318 99 49§ 16.24+3.0 27.2+15.9 22.443.2 5.442.0 12.2421.0 17.0+5.4
Proline 172410 174413 13149] 5.7+2.5 8.94+4.8 15.2+2.7§ —4.8+5.6 15.8422.6 2.2+31.8
Citrulline 3643 362 37+3 —8.5+0.8 —13.143.1 —8.5+1.9 2.0+0.6 —4.846.8 10.2 +£2.4||
Glycine 188416 20611 160+8 8.3+2.2 25.2411.2 31.8+4.69 —8.0+3.8 7.64+15.2 17.8+17.4
Alanine 192 +22 271429 233430 57.6+4.3 89.7421.4 119.04£18.99 —30.4+7.6 —44.6+20.0 —95.4+43.6§
a-Aminobutyrate 2943 262 22+1§ —3.8+3.6 —-2.2+1.9 13.8411.2 0.240.4 3.4+38 5.84+4.4
Valine 242413 238411 24349 —3.2+1.5 —9.1+£6.0 —31.6+6.89 0.6+3.8 31.6+£17.0 43.4+15.6]
Cystine 84415 92411 10212 3.5+1.3 —1.3+6.0 5.7+4.2 6.24+2.6 35.2+16.0 23.64+20.8
Methionine 1742 1942 1841 3.41+0.6 2,615 4.9+1.2 —0.6+0.4 —2.84+2.6 —4.0+4.6
Isoleucine 60 +4 6042 8146] —1.0+0.8 —2.942.5 —17.242.99 —0.441.2 8.2+8.0 21.844.29
Leucine 126 £7 127 +4 1514108 —2.240.8 —8.84+3.5 —30.2:44.77 —0.8+2.0 13.2+10.4 28.6+7.89
Tyrosine 45 +-4 4945 59+3| 5.14+0.3 4.7+1.0 6.5+1.4 —1.2+0.8 9.047.6 8.449.4
Phenylalanine 4443 4943 55 44§ 2.3+0.5 3.0+1.1 4.142.5 —1.0+£0.6 7.6£7.6 5.249.0
* Data are presented as mean+SEM.
1 Data refer to amino acid exchange across both legs.
§ Significantly different from the corresponding value at rest, P < 0.05 (paired ¢ test).
|l Significantly different from the corresponding value at rest, P < 0.02 (paired ¢ test).
9 Significantly different from the corresponding value at rest, P < 0.005 (paired ¢ test).
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TABLE V

Arterial Concentrations, Turnover, Fractional Turnover, Splanchnic Exchange, and Leg Exchange
of Oleic Acid at Rest and During Prolonged Exercise*

Exercise
Restt W‘;O min V 90 min 180 min n 240 min
Arterial concentration of oleic acid, umol/liter 23022 275427 333148 57662 675768
Turnover of oleic acid, umol /min 231+19 46943 54366 838471 904 79§
Fractional turnover of oleic acid, min™! 0.2940.02 0.55+0.01 0.534+0.03 0.4840.03 0.4440.03§
Leg exchange of oleic acid
Fractional uptake 0.46+0.03 0.194+0.03 0.17£0.02 0.1440.02 0.1540.02
Rate of exchange (both legs), umol/min
Uptake 465 135419 17032 229440 30859
Release 52+6 9815 8625 18369 20095
Splanchnic exchange of oleic acid
Fractional uptake 0.3740.03 0.2940.08 0.384+0.04 0.4540.04 0.4540.04
Rate of exchange, umol /min
Uptake 5547 63+9 76413 159420 172158
Release 6+1 4947 38+8 54418 6616

* Data presented as mean+SEM.

1 Data for the basal state represent the mean of three observations with 5- to 10-min intervals.
§ Significantly different from value at 40 min of exercise, P < 0.01.

|| Significantly different from value at 40 min of exercise, P < 0.05.

oxygen rose progressively during the first 180 min of cose, lactate, pyruvate, and glycerol are presented in
exercise, reaching values 1209, above the basal level Table III. The arterial concentration of glucose after
(P <0.001). 40 min of exercise was not significantly different from

Arterial concentrations. The arterial levels of glu- the basal value, but a gradual decline occurred after

TasLE VI

Arterio-Venous Difference and Exchange of Glucose and Gluconeogenic Precursors Across the Splanchnic
and Leg Vascular Beds at Rest and During Prolonged Exercise*

Exercise
Rest} 40 min 90 min 180 min 240 min

A-FV difference

Glucose, mmol /liter 0.15+£0.02 0.25+£0.03 0.41+£0.08 0.35+£0.04 0.29+0.03
Leg exchange (both legs) -~

Glucose, mmol /min 0.14+£0.02 1.384+0.16 2.40+0.46 2.10+0.34 1.76 £0.16
A-HV difference, mmol /liter

Glucose —0.70+0.14 —1.7140.50 —1.95+0.28 —1.8440.36 —1.454+0.29

Lactate 0.2440.02 0.3040.05 0.2340.11 0.3840.06 0.72+0.16

Pyruvate 0.02040.003 0.03240.010 0.02940.007 0.02940.010 0.06040.019

Glycerol 0.0440.01 :0.1740.02 0.2040.04 0.32+£0.04 0.4440.07
Splanchnic exchange, mmol/min

Glucose —0.8240.17 —1.861-0.48 —1.854+0.27 —1.924+0.36 —1.46+0.35

Lactate 0.2740.02 0.34+0.09 0.20+£0.09 0.3940.05 0.65+0.07

Pyruvate 0.02340.027 0.038+0.014 0.027+0.006 0.028+0.008 0.057+0.016

Glycerol 0.0440.01 0.194-0.04 0.20+0.03 0.3340.03 0.424+0.04

* Data are presented as mean+SEM.

1 Data for the resting state represent the mean of two to three observations at 5- to 10-min intervals in each subject.
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Ficure 2 Fractional extraction of amino acids, lactate and pyruvate by the splanchnic vas-
cular bed after 4 h of exercise (cross-hatched bars) and in the basal state (open bars).

40 min. At the end of the exercise period the glucose
level was approximately 709% of the basal value (P <
0.005). The arterial lactate level was not influenced
significantly by the light exercise performed, though a
small increase was noted at 240 min of exercise. The
arterial pyruvate concentration rose slightly during
exercise (P <0.01). The arterial concentration of glyc-
erol increased progressively throughout the exercise
period, reaching a concentration at 4 h which was ap-
proximately 12-fold above the basal value.

The arterial concentration of alanine (Table IV)
rose 409, above the resting level after 40 min of exer-
cise (P <0.001), while all other amino acids showed no
significant change. A direct linear relationship was
found between arterial pyruvate and alanine levels ob-
tained at rest and at 40 min of exercise (r =0.85, P <
0.001). Between 40 min and 4 h of exercise, a decrease
was observed in the arterial level of alanine as well as
of threonine, serine, proline, glycine, and «-amino-
butyrate (P <0.01 —0.05). The concentrations of leu-
cine, isoleucine, tyrosine, and phenylalanine increased
slightly (P < 0.05).

The arterial concentrations of total FFA (Table IIT)
and of oleic acid (Table V) rose during the exercise
period (P <0.01), reaching values at the end of this
period that were approximately threefold above the
basal level. The turnover rate of oleic acid (Table V)
also rose substantially during exercise. A direct
linear relationship was observed between the turnover
rate and the arterial concentration of oleic acid (r=
0.96, P < 0.001). However, the increment in the arterial
concentration of oleic acid which occurred between 40
and 240 min was proportionately greater than the incre-
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ment in the turnover rate. Consequently the fractional
turnover decreased as the exercise was continued for
240 min (Table V).

The arterial level of glucagon (Table IIT) remained
essentially unchanged during the first 90 min of exer-
cise, but rose markedly during the latter half of the ex-
ercise period. At 4 h of exercise the glucagon concentra-
tion had risen more than fivefold above the basal level.
Plasma glucagon correlated negatively with the arterial
glucose concentration (r =—0.70, P <0.001) and
positively with the arterial FFA concentration (r = 0.87,
P <0.001). The arterial insulin level (Table III) de-
clined progressively during exercise and was after 4 h
less than half the basal value. A positive correlation was
noted between arterial insulin and glucose levels (r =
0.53, P <0.01). _

Leg exchange of substrates. Glucose uptake by the
leg (Table VI) after 40 min of exercise was about 10
times the basal value. The peak rise, 17-fold above basal,
was seen after 90 min, followed by a slight gradual de-
crease during the rest of the exercise period. Never-
theless, at 4 h of exercise, glucose uptake was 12 times
the basal value and 309 higher than at 40 min.

With respect to leg amino acid exchange (Table IV),
alanine was the only amino acid consistently released
during exercise. Net output of alanine showed a modest
increment at 40 min and rose to three times basal levels
after 240 min of exercise. Net uptakes by the leg of the
branched chain amino acids (valine, leucine, and iso-
leucine) and of serine and citrulline were observed
after 240 min of exercise (P < 0.05-0.005).

The rate of oleic acid uptake by the legs (Table V)
was augmented appro&imately threefold after 40 min of

Turnover during Prolonged Exercise in Man 1085
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Ficvre 3 Leg uptake of oxygen and substrates in the
basal state and during exercise. The height of the bars
represents the mean (=SEM) oxygen uptake. The cross-
hatched areas indicate FFA and glucose uptake expressed
in oxygen equivalents. The percent values represent the
proportion of total oxygen uptake contributed by oxidation
of these substrates.

exercise compared with the resting state and a further
1409, rise was seen during the remainder of the exer-
cise period (P <0.05). In contrast, the fractional up-
take of oleic acid by the leg fell from rest to exercise,
followed by a small further decrease as exercise con-
tinued. Uptake of oleic acid by the legs accounted for
approximately 359 of oleic acid turnover during the
entire exercise period. The rate of release of oleic acid
from the leg rose with the onset of exercise and was fur-
ther approximately doubled during the latter part of
exercise.

Splanchnic exchange of substrates. The splanchnic
glucose output (Table VI) rose more than twofold from
rest to 40 min of exercise and then remained essentially
unchanged during exercise, apart from a small decline
at the end of the exercise period.

The splanchnic uptake of glucose precursors (Table
VI) increased during the latter part of the exercise pe-
riod. Lactate uptake rose approximately twofold (P <
0.005), while pyruvate (P < 0.05) and glycerol uptake
(P <0.001) increased 3- to 11-fold. In the case of lac-
tate, the augmented splanchnic uptake was a consequence
of increased fractional extraction (basal: 2229, ; 240
min exercise; 38+39,; P <0.01, (Fig. 2). In contrast,
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the rise in glycerol uptake resulted from the marked,
progressive increase in arterial concentration, the frac-
tional extraction of glycerol remaining at 80-839%,.

Table IV presents the splanchnic exchange of indi-
vidual amino acids. After 240 min of exercise, alanine
uptake had increased 1009, above the resting value (P <
0.005). Similarly, the splanchnic uptake of threonine,
serine, proline, and glycine (P < 0.05-0.01) rose during
prolonged exercise. The increased uptake of these amino
acids was a consequence of augmented fractional uptake
by the splanchnic bed (Fig. 2); fractional uptake of
alanine rose from 4039, in the basal state to 57+39,
at 40 min of exercise (P <0.025), a further rise to
87+89% was noted at 4 h of exercise (P <0.025).
Comparable increments in fractional extraction were
observed for threonine, serine, proline, glycine, and
methionine (P < 0.05—0.001, Fig. 2). In contrast, a
significant splanchnic output of valine, isoleucine, and
leucine (P < 0.005-0.001) was observed after 4 h of
exercise.

The rate of splanchnic uptake of oleic acid increased
most markedly during the latter part of the exercise
period, reaching 3 times the values observed at rest
(Table V). Splanchnic fractional uptake of [*“C]Joleic
acid during the prolonged exercise period also increased
from 29 to 459%. Splanchnic uptake of oleic acid, ex-
pressed as a percent of the total oleic acid turnover, in-
creased during exercise from 13 to 199 (P <0.05).
The release of oleic acid from the splanchnic area rose
markedly during the first 40 min of exercise and then
remained unchanged as exercise continued for 4 h.

DISCUSSION

In the present study the arterial concentrations of sub-
strates changed gradually throughout the exercise pe-
riod thereby complicating the calculations of regional
substrate exchange. However, the rate of change of the
arterial levels of glucose, lactate, pyruvate, glycerol,
and FFA was no more than 0.2-0.5% -min™. Consider-
ing the mean circulation time of the leg and splanchnic
vascular beds, the change in arterial concentration in-
troduces a maximum error in the calculations of re-
gional exchange of no more than 1-29 of the estimated
values. This factor appears negligible in relation to
other, nonsystematic methodological errors inherent in
the procedures employed. In this context it is noteworthy
that, because of the rapid turnover of plasma FFA
(Table V), a stable level of oleic acid specific activity
was in fact achieved during each measuring period (Fig.
1) thus permitting calculations of oleic acid turnover
and regional exchange.

Previous studies have demonstrated that the rate of
glucose utilization by working muscle rises during ex-
ercise of up to 40 min duration (1, 2). The current

G. Ahlborg, P. Felig, L. Hagenfeldt, R. Hendler, and ]. Wahren



findings establish that this high rate of glucose uptake
increases further as exercise continues for 3 h. Not un-
til after 4 h of exercise, when the arterial glucose con-
centration had decreased by 309, was a small decline in
glucose consumption noticeable, although the value still
exceeded that seen after 40 min of exercise. It is note-
worthy that a high rate of glucose uptake by muscle is
thus maintained even though the arterial level of insulin
falls during exercise. This finding is in accordance with
previous observations relevant to shorter periods of
exercise (23) and underscores the hypothesis that glu-
cose uptake by exercising muscle is not dependent on
the ability to secrete increased amounts of insulin (24).

The measurements of substrate uptake by the exer-
cising leg allow a direct estimate of the contribution
made by each fuel to total oxidative metabolism. Fig. 3
shows the contribution of FFA and blood glucose (in
oxygen equivalents) to total oxygen uptake by the exer-
cising leg. As indicated, the estimated glucose contri-
bution reaches a peak at 90 min of exercise and then de-
clines. In contrast, the fraction of total metabolism that
could be attributed to FFA uptake increased progres-
sively, so that by 4 h it exceeded the relative contribu-
tion of glucose. The combined uptakes of glucose and
FFA by the exercising muscle could account for ap-
proximately 659% of the total metabolism after 40 min,
while at 4 h of exercise the figure had increased to more
than 909. These findings thus demonstrate that during
prolonged exercise of this type, blood-borne substrates,
particularly FFA, play an increasingly important role

in the supply of fuel to exercising muscle. The results

also indicate that the previously suggested inhibitory
influence of FFA on glucose uptake by muscle (25, 26)
does not appear to be operative during physical exercise
in man. It should be noted that the present calculations
make no allowance for glucose-derived lactate or ala-
nine production and the values given in Fig. 3 may
slightly overestimate glucose metabolism, particularly
at the end of the exercise period when the arterial lac-
tate level rose slightly.

With respect to changes in FFA metabolism by the
leg, it is of interest that total turnover and leg uptake
of oleic acid increased progressively during exercise in
association with a rising arterial concentration (Table
V). In contrast, fractional uptake of oleic acid by the
leg was lower during exercise than at rest and tended
to fall throughout the exercise period. These data thus
indicate that uptake of FFA by exercising muscle is
primarily determined by substrate presentation, as sug-
gested from earlier studies (27).

Splanchnic glucose output changed little between 40
and 180 min of exercise, but a moderate fall was ob-
served at the end of the last hour of exercise. Based on
linear interpolations between the different measurements
during exercise, total glucose output from the liver

Substrate Turnover during Prolonged Exercise in Man

TasLE VII
Balance of Glucose and Gluconeogenic Subsirates Across the
Splanchnic Vascular Bed at Rest and During
Prolonged Exercise

Exercise
40 240
Rest min min
Glucose production* 0.82 1.86 1.46
Uptake of
(1) Lactatet 0.13 0.23  0.29
(2) Pyruvate} 0.01 0.02 0.03
(3) Glycerol} 0.02 0.10 0.21
(4) Amino acids}§ 0.05 0.09 0.12
Sum of (1)-(4) 0.21 044 0.65
Percent of glucose production 25 23 45

* Data are presented as millimoles per minute.
t Expressed as glucose equivalents in millimoles per minute.
§ Sum of splanchnic uptakes of aspartate, threonine, serine,
proline, glycine, alanine, cystine, methionine, tyrosine,
phenylalanine.

during the 4 h of exercise is estimated to have been 75 g.
Similarly, the maxmial contribution to glucose produc-
tion which could have been made by hepatic gluconeo-
genesis is estimated at approximately 15-20 g, based
on the integrated splanchnic uptake of the glucose pre-
cursors lactate, pyruvate, amino acids, and glycerol (Ta-
ble IV and VI). The total amount of glycogen con-
tained in the liver in healthy postabsorptive man is re-
ported to be 75-90 g (5). It thus appears that, on the
average, about 3/4 of the total liver glycogen stores
were mobilized over the course of the 4 h exercise
period.

Although glucose production from hepatic glycogen
dominated total glucose output, particularly in the early
phases of exercise, it is noteworthy that the contribution
from hepatic gluconeogenesis as evaluated by substrate
balance rose progressively as exercise continued. Table
VII shows the balance of glucose precursors across the
splanchnic bed at rest and after 40 and 240 min of exer-
cise. Whereas precursor uptake could account for 23—
259, of glucose release in the resting state and after
40 min of exercise, the figure at 4 h was 45%. This was
accompanied by marked increases in the splanchnic up-
take of both oxygen and FFA (Tables I and V), find-
ings which are compatible with augmented rates of
hepatic gluconeogenesis (28). Thus as glycogen stores
are depleted by prolonged exercise, gluconeogenic proc-
esses are accelerated. This response contrasts with that
observed during brief periods (1040 min) of heavy
exercise (1,200 kg-m/min) in which circumstance the
relative contribution from gluconeogenesis declines to
less than 109, (2).
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The increased uptake of glucose precursors by the
splanchnic area during prolonged exercise occurred in
part as a consequence of augmented fractional extractions
(Fig. 2). This was the case for lactate and the gluco-
genic amino acids; fractional extraction of alanine by
the splanchnic bed rose from 419, in the resting state
to 879, after 4 h of exercise. In the case of alanine as
well as threonine, serine, proline, and glycine, the aug-
mented uptake during exercise occurred in the face of
lowered arterial concentrations. In contrast, increased
availability was the major factor responsible for the
markedly elevated splanchnic uptake of glycerol; the
fractional uptake of this precursor was high and largely
unaltered throughout the exercise period. For FFA, in-
creased arterial concentration as well as augmented
fractional extraction contributed to the elevated splanch-
nic uptake during exercise.

As to the mechanism responsible for the augmented
rate of substrate uptake by the splanchnic area during
exercise, it is worth noting the simultaneous large in-
crease of the arterial glucagon level. The rise in glu-
cagon seen in the present study is comparable to or
even in excess of the physiological increment observed
during starvation (29). Similar, but less pronounced,
rises in arterial glucagon have been reported for short-
term (40 min) exercise (30). A stimulatory influence
of glucagon on hepatic uptake of glucose precursors and
gluconeogenesis has been demonstrated in the isolated
perfused liver, particularly for alanine (31, 32). A simi-
lar metabolic effect of glucagon has been suggested
from studies in fasting man (29). Although the in vivo
evidence for a gluconeogenic effect of glucagon in in-
tact man is less compelling (33), it is possible that the
rise in arterial glucagon contributed to the augmented
uptake of glucose precursors in the present study, an
effect which would be enhanced by the simultaneous fall
in arterial insulin (34). These hormonal changes may
also have favored hepatic gluconeogenesis by stimu-
lating adipose tissue lipolysis (35, 36), thereby making
increased quantities of glycerol and FFA available to
the liver. It should be emphasized, however, that exer-
cise-induced changes in gluconeogenesis may reflect the
cumulative effect of increased secretion of growth hor-
mone, cortisol, and catecholamines, as well as the ac-
companying changes in glucagon and insulin secretion.

In agreement with findings from previous studies (37—
40), the arterial concentration of glucose fell gradually
during prolonged exercise. It has not previously been
established whether this is a result of augmented periph-
eral utilization, decreased hepatic production, or both.
The data in Table VI indicate that in the basal state and
during the first 40 min of exercise, splanchnic glucose
production exceeds leg uptake and the arterial glucose
level is maintained. However, as exercise continues be-
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yond 40 min, the data suggest that splanchnic glucose
output fails to keep pace with the rise in peripheral
utilization thereby providing a possible basis for the
fall in arterial glucose concentration.

In accordance with earlier observations (41), plasma
alanine levels were greater after 40 min of exercise
than in the basal state. Previous studies have shown
that during the initial 10-40 min of exercise the output
of alanine from the exercising leg rises substantially
while splanchnic uptake remains at basal levels (41).
During continued exercise, a diminishing arterial con-
centration was observed (Table IV). The data suggest
that this resulted from an imbalance between production
and utilization rates for alanine during prolonged exer-
cise; by 40 min splanchnic uptake was probably rising
more than leg muscle output (Table TV). It should also
be noted that plasma rather than whole blood was used
for the amino acid determinations. Recent studies from
our laboratories indicate that approximately 25% of
peripheral output and splanchnic uptake of alanine
occurs by way of blood cells (42). This suggests that
plasma measurements of tissue exchange of this amino
acid underestimate rather than overestimate the total
release by the leg and uptake by splanchnic tissues.

The increased splanchnic output of the branched
chain amino acids (valine, leucine, and isoleucine) and
the rise in arterial leucine and isoleucine during pro-
longed mild exercise are of interest since similar re-
sponses have been observed with brief periods (10-40
min) of heavy exercise (1,200 kg-m/min) (41). An ele-
vation in the arterial concentration of the branched
chain amino acids has also been observed in diabetes
(43) and starvation (44). It is noteworthy in this regard
that glucagon has been demonstrated to stimulate re-
lease of these amino acids by the isolated, perfused liver
(32). Thus in addition to its effects on glycogenolysis
and gluconeogenesis, the hyperglucagonemia of pro-
longed exercise may influence hepatic exchange of the
branched chain amino acids and contribute to their ac-
cumulation in arterial blood.

In many respects the overall metabolic response to
prolonged exercise is strikingly similar to that observed
after 3 days of starvation. In the latter circumstance
glycogen stores have been depleted (5), and the splanch-
nic uptake of glucose precursors has increased to maxi-
mum levels (44). In addition the rise in glucagon con-
centration (29) and the elevation in branched-chain
amino acids (44) have reached peak levels. In con-
trast, more prolonged fasting is associated with a re-
duction in total glucose consumption (45, 46), and a fall
in gluconeogenic precursor uptake (44), as well as a de-
cline in circulating levels of glucagon (29) and branched-
chain amino acids (44). The comparability of metabolic
changes in prolonged exercise and at 3 days of starva-
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tion thus may reflect a common homeostatic mechanism
directed at minimizing the fall in blood glucose associ-
ated with depletion of liver glycogen stores in the face
of normal to increased rates of glucose utilization.
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