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Lactate and Glucose Exchange across

the Forearm, Legs, and Splanchnic

Bed during and after Prolonged Leg Exercise

GUNVOR AHLBORG and PHILIP FELIG, Department of Clinical Physiology,
Karolinska Institute, Sodersjukhuset, S-100 64 Stockholm, Sweden;
Department of Internal Medicine, Yale University School of Medicine, New

Haven, Connecticut 06510

ABSTRACT The net exchange of glucose and lactate
across the leg and the splanchnic bed and the arterial-
deep venous (A-DV) differences for these substrates
in the forearm were determined in healthy subjects
during 3-3.5 h of leg exercise (bicycle ergometer) at
58% maximum O, uptake and during a 40-min post-
exercise recovery period.

Leg glucose uptake rose 16-fold during exercise and
throughout the exercise period exceeded splanchnic
glucose output. The latter reached a peak increment
(8.5 times basal) at 90 min and fell by 60% during the
third hour. As a result, blood glucose declined 40%,
reaching frank hypoglycemia (blood glucose, <45 mg/
dl) in 50% of subjects at 3.5 h.

Splanchnic lactate uptake rose progressively during
exercise to values four times the basal rate at 3 h in
association with a rise in arterial lactate to 1.5 mM.
There was, however, no significant net output of lac-
tate from the legs beyond 90 min of exercise. In con-
trast, the A-DV lactate difference in the forearm be-
came progressively more negative throughout exercise,
reaching values three times the basal level at 3.5 h.
The rise in arterial lactate during exercise was pro-
portional to the elevation in plasma epinephrine,
which rose ninefold.

During recovery, splanchnic lactate uptake rose fur-
ther to values six times the basal rate, whereas lactate
output by the legs was no greater than in the basal
state. The A-DV lactate difference in the forearm be-
came even more negative than during exercise, reach-
ing values four times basal. During exercise as well as
recovery, forearm uptake of blood glucose could ac-
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count for no more than 25-67% of forearm lactate
release. Leg glucose uptake during recovery was three-
fold to fivefold higher than in the basal state in the
face of plasma insulin concentrations that were 60%
below basal and in association with a respiratory ex-
change ratio of 0.7.

We conclude that (@) during prolonged leg exercise
at 58% maximum O, uptake an imbalance between
splanchnic glucose production and leg glucose utili-
zation results in a fall in blood glucose that may reach
hypoglycemic levels in healthy subjects; (b) there is a
marked increase in the uptake of lactate by the
splanchnic bed that cannot be attributed to increased
output of lactate from the exercising legs; (c) lactate
is released by forearm muscle and, together with other
relatively inactive muscle, may be an important source
of the increased lactate turnover during and after pro-
longed leg exercise; (d) the increasingly negative A-
DV lactate difference in the forearm cannot be ac-
counted for by uptake of blood glucose, suggesting the
breakdown of glycogen in forearm muscle during and
after leg exercise; (e) increased glucose uptake by the
legs in association with hypoinsulinemia during re-
covery suggests an increase in insulin sensitivity that
permits glycogen repletion in previously exercising
muscle in the absence of food ingestion; and (f) the
evidence for increased lactate output in the forearm
and augmented glucose uptake in the legs during re-
covery raises the possibility that after leg exercise gly-
cogen stores are decreasing in muscle that was rela-
tively inactive (e.g., that of the forearm) while
increasing in the previously exercising leg muscles.

INTRODUCTION

The effect of intensive exercise (60% or more of max-
imum aerobic power [maximum O, uptake]) on lactate
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metabolism has been well characterized. Such exercise
results in increased production of lactate by exercising
muscle (1), a rise in arterial lactate concentration (2,
3), and increased uptake of lactate by splanchnic tis-
sues (4, 5) and resting muscle (6). Less information is
available regarding lactate metabolism during mild to
moderate exercise (<60% maximum O, uptake
[VOgmax])!, which can be sustained for prolonged pe-
riods (1-3 h or more). With such exercise plasma lac-
tate levels remain unchanged or increase by <1 mM
(7, 8), yet splanchnic lactate uptake increases twofold
to threefold (lactate constitutes the major gluconeo-
genic precursor available to the liver [7]). The source
of the lactate taken up in increased amounts by
splanchnic tissues during prolonged exercise has not
been identified. Although the exercising muscle would
be the expected site of lactate production, during in-
tensive exercise net lactate output by contracting mus-
cle is demonstrable for only the initial 10-30 min of
work (5, 9, 10). The possible contribution of resting
or relatively inactive muscle to lactate turnover during
prolonged exercise has not been examined. Data also
are unavailable regarding the net exchange of lactate
and glucose across muscle in the recovery period after
prolonged exercise. This is of interest inasmuch as dur-
ing recovery after short-term exercise lactate is taken
up by the previously exercising muscle (10), and direct
use of lactate by muscle for glycogen replenishment
has been suggested (11). Furthermore, biopsy studies
after prolonged exhaustive exercise have shown re-
plenishment of muscle glycogen during postexercise
recovery even in the absence of food ingestion (12).
Whether this can be ascribed to increased uptake of
glucose, increased uptake of lactate, or both has not
been established. The present study was undertaken
to evaluate net exchange of lactate and glucose across
the legs and forearm during prolonged (3-3.5 h) leg
exercise and in the postexercise recovery period.
Splanchnic exchange of these substrates and arterial
levels of glucoregulatory hormones also were exam-
ined.

METHODS

Subjects. 20 healthy nonobese adult male subjects were
studied in the postabsorptive state after a 12 to 14-h over-
night fast. Data on age, height, weight, and maximum ox-
ygen uptake are presented in Table I. For 3-4 d immediately
before the exercise period the subjects were told not to par-
ticipate in any competitive athletics and to ingest meals con-
sisting of 200-300 g of carbohydrate per day. All subjects
were informed of the nature, purpose, and possible risks
involved in the study before giving their voluntary, written
consent. The procedures employed in these studies have been

! Abbreviations used in this paper: A-DV, arterial-deep
venous; VOymax, maximum O, uptake.
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TABLE I
Age, Height, Weight, Maximum Oxygen Uptake, and Work
Load during Prolonged Exercise

Mean SE Range
Age, yr 26 0.7 20-31
Height, ecm 182 14 169-187
Weight, kg 71 16 57-82
Maximum oxygen uptake,
liters/min 3.8 0.13 2.6-4.8
Work load, W 130 4.9 90-170

reviewed and approved by the respective institutional eth-
ical committees.

Procedure. The subjects were studied at rest, during 3-
8.5 h of upright continuous leg exercise on a cycle ergometer
at a work load corresponding to 58% of their VO;max (Table
I), and during a 40-min postexercise recovery period. Arm
activity was limited to lightly holding the cycle handle bars
during the exercise period. In 10 subjects (who exercised for
3 h) a Cournand catheter (No. 8) was introduced percuta-
neously into a medial antecubital vein and advanced to a
right-sided hepatic vein under fluoroscope control, and Tef-
lon catheters were inserted percutaneously into both femoral
veins, a femoral artery, and an antecubital vein. In another
10 subjects (who exercised for 8.5 h) Teflon catheters were
inserted percutaneously into a deep forearm vein and either
a femoral artery and both femoral veins (four subjects) or
a brachial artery (six subjects). In both groups of subjects,
observations were continued during a 40-min postexercise
recovery period. Because the arterial concentrations of sub-
strates and hormones and the leg exchange of glucose and
lactate were not significantly dif%erent in the two groups of
subjects, these data were combined.

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 <0.3 g being
administered over the course of the study. Indocyanine green
was infused intravenously at a constant rate for estimation
of leg (13) and hepatic blood flow (14, 15).

Analyses. Glucose (16), lactate (17), and pyruvate (18)
were analyzed in whole blood, and glycerol was analysed
(19) in plasma by enzymatic techniques. Plasma insulin and
glucagon were analyzed by radioimmunoassay (20, 21).
Plasma catecholamines were determined by a radioenzy-
matic technique (22). Oxygen saturation was measured spec-
trophotometrically (23), and hemoglobin concentration was
measured by the cyanmethemoglobin technique (24). The
hematocrit was measured with a microcapillary hematocrit
centrifuge and corrected for trapped plasma. Expired air
was analyzed by the Scholander microtechnique (25). Data
in the text and tables are given as mean+SE. Standard sta-
tistical methods have been employed; the paired ¢ test was
used when applicable (26).

RESULTS

Heart rate, pulmonary and splanchnic oxygen up-
take, and blood flow (Table II). The heart rate rose
to 140-150 beats/min during the exercise period and
remained above basal value 40 min after exercise (P
< 0.001). Pulmonary oxygen uptake rose more than

‘sevenfold at 40 min of exercise (P < 0.001) and in-
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creased further toward the end of exercise. The ven-
tilatory exchange ratio rose during the first 40 min of
exercise (P < 0.001) and subsequently fell after 2-3 h
of exercise. During recovery there was a marked de-
cline in the ventilatory exchange ratio to 0.67-0.70
(P < 0.01).

Leg blood flow rose approximately sevenfold from
the resting value to 40 min of exercise and remained
essentially unchanged during the rest of the exercise
period. At cessation of work, leg blood flow fell, re-
turning to the resting value after 20 min. Similarly,
leg oxygen uptake increased ~20-fold during exercise
and returned to the preexercise value within 40 min
of recovery. Estimated hepatic blood flow fell by 45%
at 40 min of exercise and showed a further 20% de-
crease up to 90 min of exercise (P < 0.01). Despite the
fall in splanchnic blood flow, splanchnic oxygen uptake
rose by ~70% at 40 min of exercise and thereafter was
unchanged. The splanchnic oxygen uptake remained
elevated above the basal value during the 40-min re-
covery period (P < 0.01). The deep (forearm) venous
oxygen saturation rose during exercise and remained
elevated during recovery (P < 0.05); the arterial deep
venous oxygen difference in the forearm fell (0.05
<P<0.1).

Arterial concentrations (Table III). The arterial
concentration of glucose was unchanged up to 40 min
of exercise and then fell, the most marked drop oc-
curring during the third hour of exercise to a value
40% below basal (P < 0.01). After 3.5 h mean blood
glucose fell to 2.56+0.13 mM. Blood glucose values fell
to <2.5 mM in 50% of the 10 subjects who exercised
for 3.5h. 10 min after exercise the arterial glucose
levels rose by ~20% (P < 0.01) but remained below
base levels (P < 0.01) throughout the recovery period.
Although the subjects were fatigued at the end of ex-
ercise, none complained of hunger, dizziness, or other
symptoms attributable to hypoglycemia.

The arterial lactate level rose 0.50-0.60 mmol/liter
during the first 2 h of exercise and increased by a fur-
ther 0.5 mmol/liter between 2 and 3 h. The arterial
lactate level declined after 10 min of recovery but
remained 65% above basal value after the 40-min re-
covery period (P < 0.01). The pyruvate concentration
showed a comparable pattern of change. The arterial
glycerol level rose progressively during exercise,
reaching a level more than 10 times basal (P < 0.001).
After exercise glycerol fell gradually to a value three
times the basal level 40 min after exercise (P < 0.001).
The arterial free fatty acid concentration rose fourfold
to fivefold by the end of exercise (P < 0.001). A further
25% increase occurred during the first 10 min of re-
covery (P < 0.05).

Arterial glucagon was unchanged at 40 min of ex-
ercise and then rose, reaching a value three times basal
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at 3 h of exercise (P < 0.01). During the 40-min re-
covery period the value remained elevated. Arterial
insulin fell continuously during exercise (P < 0.01).
The insulin level remained 40-50% below basal resting
concentrations during recovery (P < 0.01).

The plasma epinephrine and norepinephrine con-
centrations rose ninefold during exercise (P < 0.001).
After cessation of work the concentrations of both cat-
echolamines fell but were still 2-2.5 times the basal
values 40 min after exercise (P < 0.01). A direct linear
correlation was observed between blood lactate and
plasma epinephrine levels ( r = 0.54, P < 0.01).

Splanchnic exchange (Table IV). Splanchnic glu-
cose production rose during exercise to 3.5 the basal
resting value at 90-120 min of exercise (P < 0.001)
(Table V). During the third hour of exercise splanchnic
glucose output fell by >50% (P < 0.01). A further re-
duction in splanchnic glucose output to the preexercise
value was observed by 20 min of recovery.

Splanchnic uptake of glucose precursors increased
during exercise (Table IV). Lactate uptake increased
2.5-fold for the first 120 min of exercise (P < 0.01).
A further increase of 75% (P < 0.01) to four times the
basal value was observed during the third hour of ex-
ercise. During recovery there was an additional in-
crease in lactate uptake to a value five to six times the
basal rate. The uptake of pyruvate and glycerol also
increased during the last hour of exercise, reaching a
value six times basal (P < 0.01), and increased further
during the recovery period.

Leg exchange (Table IV). Leg glucose uptake in-
creased 16-fold by 90 min of exercise (P < 0.001).
During the last hour of exercise leg glucose uptake fell
by 27% (P < 0.001). At cessation of work, leg glucose
uptake fell but was still three to five times the basal
value (P < 0.001) during recovery.

There was a significant net release of lactate by the
leg in the resting state (P < 0.01). During exercise
mean leg lactate production rose fourfold to sixfold up
to 90 min of exercise (P < 0.01). However, after 120
and 180 min of exercise, no significant net output of
lactate was observed. After exercise, leg lactate output
returned to the basal value and remained unchanged
over the 40-min recovery period. Leg pyruvate ex-
change followed the same pattern as lactate exchange.
Leg glycerol output increased fourfold to sevenfold
during exercise (P < 0.01). During the recovery period
leg glycerol production showed an initial rise followed
by a gradual decline, but remained five times the basal
value 40 min after exercise (P < 0.001).

Forearm exchange (Table V). A significant net up-
take of glucose across deep forearm tissues was ob-
served in the basal state. The arterial-deep venous (A-
DV) difference for glucose fell progressively during
leg exercise, reaching a value 15% of the basal level
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TABLE V
A-DV Differences for Glucose and Lactate across Forearm during and after Prolonged Leg Exercise®

Exercise Recovery
Rest 40 min 120 min 180 min 190 min 200 min 210 min 10 min 20 min 40 min
A-DV,
ucose,

mmol/liter 0.421+0.07 0.22+0.03¢ 0.08+0.03§ 0.07+0.04§ 0.11+0.08% 0.08+0.03% 0.05+0.02¢ 0.18+0.04" 0.15+0.04" 0.14+0.02"
A-DV,

lactate,

mmol/liter —0.15£0.04 —0.15+0.04 —0.24+0.041  —0.33+0.06f  —0.37+0.03" —0.43+0.03" —0.40+0.03" —0.48+0.07" —0.57+0.11" —0.54+0.08"
* MeanzSE.

1 Significantly different from resting values, P < 0.05.
§ Significantly different from resting value, P < 0.001.
" Significantly different from resting value, P < 0.01.

at 3 h of exercise (P < 0.001). During recovery the A-
DV difference for glucose rose threefold but remained
below the basal value (P < 0.01).

A significant net release of lactate across the forearm
was observed at rest (P < 0.01). The A-DV difference
for lactate was unchanged during the first 40 min of
exercise. However, as exercise continued beyond 40
min, this value became progressively more negative,
reaching a value two to three times basal after 2-3.5
h of exercise (P < 0.01). During the recovery period
the A-DV difference for lactate became even more
negative than during exercise, reaching a value four
times basal (P < 0.01).

DISCUSSION

The data presented above confirm and extend our pre-
vious observations with regard to leg uptake of glucose
and splanchnic exchange of glucose and lactate during
prolonged exercise (7) and demonstrate that these re-
sponses are exaggerated when the intensity of the ex-
ercise is increased. As in the case of leg exercise per-
formed at 30% of VO.max for 4 h (7), leg exercise
continued for 3-8.5 h at 58% of VO,max was associated
with a marked increase in leg glucose uptake, which
reached a peak at 90 min and was accompanied by a
rise in splanchnic glucose output. However, with the
more intensive exercise used in the present study, leg
glucose uptake (Table III) was 20-60% greater than
that observed with less intensive exercise (2.3-2.4
mmol/min [7]). Furthermore, blood glucose showed a
decline in 3-3.5 h (1.83+0.15 mmol/liter) that was
30% greater than that observed after 4 h of lighter
exercise (1.39%0.20) (7).

The development of frank hypoglycemia in healthy
subjects during prolonged exercise has previously been
reported, primarily in marathon runners (27, 28). The
current data reveal that when exercise is maintained
at 58% of VO,max for 3.5 h, blood glucose levels fall

below 2.5 mM in 50% of subjects. The hypoglycemia
can be accounted for by the fact that throughout ex-
ercise splanchnic glucose output was consistently lower
than leg glucose uptake (Table 1V). Furthermore, the
period of most rapid decline in blood glucose (120-
180 min) was associated with the most marked decline
in splanchnic glucose output (Table IV). In keeping
with the greater decline in blood glucose found in the
present investigation as compared with our earlier
study with less intensive exercise (7), splanchnic glu-
cose production at 3 h (1.12+0.12 mmol/min) was 40%
lower than that observed after 3 h of less intensive
exercise (1.92+0.36 mmol/min) (7).

Total estimated splanchnic glucose release during
exercise calculated on the basis of linear interpolations
between the individual measurements amounted to 75
g after 8 h of exercise. This value is the same as the
estimated total splanchnic glucose output observed
after 4 h of exercise at 30% VO,max (7). Since the total
amount of glycogen content in the liver in healthy
postabsorptive man has been reported to be 75-90 g
(29), a considerable amount of liver glycogen must
have been mobilized during the exercise period. This
is also suggested by the marked fall in splanchnic glu-
cose output during the third hour of exercise and the
accompanying fall in arterial glucose levels.

Despite the fall in splanchnic glucose output, the
uptake of glucose precursors (lactate, pyruvate, glyc-
erol) increased during exercise, so that by the third
hour their uptake (if converted to glucose) could ac-
count for ~60% of total splanchnic glucose output.
Lactate uptake and pyruvate uptake by the splanchnic
bed after 3 h of exercise at 58% VOymax (Table IV)
were, respectively, 80 and 200% greater than that ob-
served after 3 h of exercise at 30% VO,max (0.38%0.06
and 0.02+0.010 mmol/min, respectively) (7), but vir-
tually identical to the values observed after 4 h of the
less intensive exercise (0.65+0.07 and 0.057+0.016
mmol/min, respectively) (7). Thus, with respect to the
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fall in blood glucose, the imbalance between splanch-
nic glucose output and leg glucose uptake and the rise
in splanchnic uptake of gluconeogenic precursors,
which have been shown to characterize prolonged (3 h
or more) exercise (7), the present data demonstrate
that these responses are accelerated and exaggerated
when the intensity of the exercise is increased from
30 to 58% VOpmax.

The current findings are of particular interest with
respect to the data regarding leg and arm exchange
of lactate during prolonged leg exercise as well as the
data on splanchnic and peripheral substrate exchange
during the postexercise recovery period. A net release
of lactate from the exercising legs was observed only
for the first 90 min. At 120 and 180 min no significant
leg output of lactate was demonstrable (Table 1V).
Nevertheless, arterial lactate levels and splanchnic
uptake of lactate rose 40 and 75%, respectively, be-
tween 120 and 180 min. (Tables III and IV). These
observations clearly indicate that during prolonged leg
exercise production of lactate is increasing at some site
other than the exercising legs.

The data on the A-DV differences for lactate across
the forearm indicate a possible site of lactate produc-
tion. During prolonged leg exercise the A-DV differ-
ence for lactate across the forearm became progres-
sively more negative. Such a change in A-DV difference
cannot be equated with an increase in net lactate re-
lease in the absence of data on blood flow. Although
blood -flow was not measured, oxygen saturation in the
deep forearm vein rose during exercise (Table II), sug-
gesting that blood flow did not decline and may have
increased. Studies performed during single leg exercise
have shown a threefold increase in blood flow in the
inactive leg (6). The data thus suggest that forearm
muscle is a site of increased lactate release and con-
tributes to the augmented delivery of lactate to the
splanchnic bed during prolonged leg exercise.

It should be noted that during upright leg exercise
on the cycle ergometer, some contraction of arm mus-
cle is taking place, because the subjects are holding
the handlebars. The extent of such contraction is, of
course, far less than that occurring in the legs, and thus
may be considered representative of ‘“‘resting” (rela-
tively inactive) muscle during leg exercise. In nonobese
subjects total muscle mass is estimated to be 40% of
body weight (30); leg muscle amounts to ~50% of total
muscle. The total mass of “‘resting”” muscle during leg
exercise thus is ~14 kg. Assuming that blood flow to
muscle in the resting state is 30 ml/kg per min (31),
and that blood flow to relatively inactive muscle in-
creases threefold during leg exercise (6), lactate pro-
duction by “resting” muscle after 3-3.5 h of leg ex-
ercise may be estimated at 0.4-0.5 mmol/min. This
output of lactate from relatively inactive muscle could
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account for 60-70% of splanchnic lactate utilization
after 3-3.5 h of leg exercise (Table 1V).

The importance of tissues other than the leg as sites
of increased lactate production is also evident in the
recovery period after prolonged leg exercise. During
the initial 10 min of recovery splanchnic lactate uptake
rose 50% in the absence of a significant fall in arterial
lactate. Furthermore, net release of lactate from the
legs throughout recovery was not significantly greater
than that in the basal state, yet splanchnic lactate up-
take was five to six times the preexercise level. It is of
interest in this regard that the A-DV lactate difference
in the forearm increased by 20-40% in the recovery
period, reaching values threefold to fourfold greater
than those of the preexercise resting state. Because it
is highly unlikely that forearm blood flow in the post-
exercise recovery period is reduced 67-75% from the
preexercise basal value, our findings suggest that the
stimulatory effect of prolonged leg exercise on lactate
production by forearm muscle persists in the recovery
phase after leg exercise.

A comparison of the A-DV lactate and glucose dif-
ferences provides some insight into the relative im-
portance of blood-borne glucose vs. in situ muscle gly-
cogen breakdown in the formation of lactate by
forearm muscle. Recognizing that each mole of glucose
taken up by muscle can contribute two moles of lac-
tate, blood glucose uptake (if completely converted to
lactate) can account for no more than 20-67% of fore-
arm lactate output after 2-3.5 h of exercise (Table V).
Similarly, in the recovery period blood glucose uptake
can account for at most 25-67% of forearm lactate
release (Table V). These data thus suggest that the
release of lactate from forearm muscle during and
after prolonged leg exercise is due, at least in part, to
breakdown of glycogen stores in muscle forearm.

The current findings of lactate release from rela-
tively inactive forearm muscle during leg exercise con-
trast with earlier observations on the metabolism of
inactive muscle during single leg exercise (6, 32) or
arm exercise (6). In those studies the exercise of one
leg was associated with lactate uptake in the inactive
leg (6, 32). Similarly, during arm exercise the legs
showed a net uptake of lactate (6). It should be noted
however, that the exercise in those studies was only
for 20-40 min and was accompanied by arterial blood
lactate levels (3.8-4.4 mmol/liter) that were twofold
to threefold greater than those in the present study
(6). Thus, whether relatively inactive muscle becomes
a site of lactate use or production during exercise may
depend on the duration of the exercise and the ambient
arterial lactate levels. With brief exercise resulting in
a sixfold to eightfold increase in arterial lactate, “rest-
ing” muscle is a site of lactate use. In contrast, with
exercise lasting 2 h or more and causing only a twofold



to threefold increase in arterial lactate, “resting” mus-
cle is a site of lactate production.

With respect to the mechanism of these changes in
lactate, and presumably glycogen metabolism in fore-
arm muscle during and after prolonged leg exercise,
the rise in plasma catecholamines may be of some im-
portance. A significant correlation between plasma
epinephrine and blood lactate levels was observed.
Furthermore, the plasma catecholamine levels re-
mained significantly elevated above basal values in the
recovery period. Thus, in addition to the direct effects
of the contractions which occur to some extent in rel-
atively inactive muscles during leg exercise (6), the
rise in catecholamines may constitute a stimulus to
glycogen breakdown and lactate production in fore-
arm. The failure to observe ongoing lactate release
from the exercising legs (i.e., beyond 90 min), despite
the sustained elevations in plasma catecholamines,
may reflect the progressive depletion of the glycogen
content of active muscle that accompanies prolonged
exercise of moderate intensity (33).

In an earlier study of substrate metabolism during
the recovery period after relatively brief (40 min) ex-
ercise, a rise in glucose uptake by the previously ex-
ercising legs was observed (10). The rise in glucose
uptake after short-term exercise was associated with
a rapid increase in arterial insulin to values two to
three times the basal level (10). In the present study
glucose uptake by the legs in the recovery period was
threefold to fivefold greater than in the preexercise
resting state. However, this increase occurred in the
face of plasma insulin levels that were 40-50% below
basal concentrations. These findings suggest that dur-
ing the recovery phase after prolonged exercise there
is an increase in insulin sensitivity in previously ex-
ercising muscle. These observations may thus provide
an explanation for the partial replenishment of muscle
glycogen that occurs after prolonged exercise, even in
the absence of food intake (12). The findings are also
in keeping with in vitro evidence of enhanced insulin
sensitivity in perfused hindquarters obtained from rats
immediately after treadmill exercise (34). Whether
such an increase in insulin sensitivity is due to receptor
or postreceptor-mediated changes remains to be es-
tablished.

The data obtained in the recovery period with re-
spect to leg lactate metabolism also differ from the
observations after short-term exercise (10). After short-
term (40 min) leg exercise a net uptake of lactate by
the leg is observed over the first 20 min of recovery
(10). In contrast, during recovery from prolonged leg
exercise, there is a net output of lactate from the legs
that is comparable to that observed in the basal state
(Table IV). These differences during recovery may be
a consequence not only of the difference in duration
of exercise but may also be related to the higher ar-

terial lactate levels (>2 mM) present at the onset of
the recovery phase after short-term exercise (10).

The overall changes in glucose and lactate metab-
olism observed in the legs, forearm, and splanchnic
bed during recovery raise the possibility of a redistri-
bution of muscle glycogen stores after prolonged ex-
ercise. During recovery, the previously exercising legs
are taking up glucose at a rate three to five times the
basal rate in association with a respiratory exchange
ratio of 0.7, suggesting that glucose is not being oxi-
dized but is used for glycogen replenishment. In con-
trast, the previously “resting” forearm is releasing lac-
tate at rates in excess of glucose uptake, suggesting
muscle glycogen breakdown. The simultaneous in-
crease in splanchnic uptake of lactate and the opera-
tion of the Cori cycle (glucose formation from lactate)
provides a link between the changes in forearm and
leg metabolism. In this manner there may, in effect,
be a redistribution of glycogen during recovery from
muscle that was relatively inactive (e.g., forearm) to
the previously exercising leg muscles. Furthermore,
the Cori cycle, which for >50 years has been known
to involve the transfer of lactate from exercising mus-
cle to liver for glucose production (35, 36), thus may
also involve participation by relatively inactive muscle
during and after prolonged leg exercise.
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