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Glucose Metabolism in Perfused Skeletal Muscle
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1. The,regﬁlation of glucose uptake and disposition in skeletal muscle was studied in the
isolated perfused rat hindquarter. 2. Insulin and exercise, induced by sciatic-nerve

stimulation, enhanced glucose uptake about tenfold in fed and starved rats, but were with-

out effect in rats with diabetic ketoacidosis. 3. At rest, the oxidation of lactate (0.44 umol/
min per 30g of muscle in fed rats) was decreased by 75 %; in both starved and diabetic rats,
whereas the release of alanine and lactate (0.41 and 1.35 umol/min per 30g respectively
in the fed state) was increased. Glycolysis, defined as the sum of lactate+alanine release
and lactate oxidation, was not decreased in either starvation or diabetes. 4. In all groups,
exercise tripled O, consumption (from ~8 to ~25umol/min per 30g of muscle) and
increased the release and oxidation of lactate five- to ten-fold. The differences in lactate
release between fed, starved and diabetic rats observed at rest were no longer apparent;
however, lactate oxidation was still several times greater in the fed group. 5. Perfusion of
the hindquarter of a fed rat with palmitate, octanoate or acetoacetate did not alter glucose
uptake or lactate release in either resting or exercising muscle ; however, lactate oxidation
was significantly inhibited by acetoacetate, which also increased the intracellular concen-
tration of acetyl-CoA. 6. The data suggest that neither glycolysis nor the capacity for
glucose transport are inhibited in the perfused hindquarter during starvation or perfusion
with fatty acids or ketone bodies. On the other hand, lactate oxidation is inhibited,
suggesting diminished a;ctmty of pyruvate dehydrogenase. 7. Differences in the regulation
of glucose metabolism in heart and skeletal muscle and the role of the glucose/fatty acid
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cycle in each tissue are dlscussed

The present paper deals with the alterations in
muscle-glucose metabolism that occur in starvation
and diabetes and the role of free fatty acids and ketone
bodies in causing these changes. Much of our present
knowledge of this: subject has been derived from
experiments ‘carried out in the perfused rat heart.
Using this preparation, Randle e al. (1966) observed
an inhibition of the uptake, phosphorylatlon and
oxidation of glucose and a block in ‘glyeolysis at the
level. of phosphofructokinase both in starvation and
diabetes. In addition, they observed a similar pattern
in hearts perfused with fatty acids and ketone bodies,
whiched them to suggest that thie increased utilization
of these substrates in starved and diabetic rats might
explain the impaired ‘glucose metabolism in these
states. Comparable findings have been observed in
diaphragm by some laboratories but not ‘others (see
Ruderman et al., 1969). )

It has been w:dely assumed that a similar type of
regulation occurs in the large mass of voluntary
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skeletal muscle; however, the available experimental
data do not support this notion. In both adductor-
muscle fibres of the rhesus monkey (Beatty &
Bocek, 1971) and the isolated perfused rat hind-
quarter (Houghton & Ruderman, 1971; Jefferson,
et al., 1972; Goodman et al.,1974; Reimer et al.,
1974), exogenous fatty acids and ketone bodies do not
inhibit insulin-stimulated glucose uptake. Further,
the characteristic changes in tissue glycogen, citrate
and hexose monophosphates noted in hearts of
starved and diabetic rats are not seen in skeletal
muscle (Adrouny, 1969; Goodman et al., 1974).

In earlier studies (see Goodman et al., 1974;
Berger et al., 1975), we investigated the effects of
starvation, diabetes, fatty acids, acetoacetate and
insulin on glucose uptake in the perfused rat hind-
quarter. In the present paper, the effects of these
variables on glycogen formation, glycolysis, glucose
oxidation and the concentration of metabolic inter-
mediates -in perfused muscle are described. In
addition, as heart differs from voluntary skeletal
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muscle in that it is constantly contracting, we have
carried out experiments during exercise as well as
rest. A preliminary report of this work has already
appeared (Berger et al., 1974).

Materials and Methods
Animals

Female Sprague-Dawley rats weighing 180-250g
were used. Rats were fed ad libitum on Purina Chow
for at least 3 days or were starved for 48 h before use.
Diabetes was induced by an intravenous injection of
streptozotocin (125mg/kg body wt.); the animals
were allowed free access to food and water and were
studied 72 h after injection, by which time they were in
severe diabetic ketoacidosis (Berger et al., 1975). All
procedures were carried out in rats anaesthetized with
pentobarbital (3.5-5mg/100g body wt.) administered
intraperitoneally.

Materials

Bovine serum albumin (Cohn fraction V, con-
taining 0.8 mg of fatty acid/g of albumin), obtained
from Pentex Corp., Kankakee, IL, U.S.A., was
dissolved in Krebs-Henseleit (1932) saline and
dialysed twice against the bicarbonate saline as
described previously (Ruderman & Goodman, 1973)
for 24h. Palmitic acid, ethyl acetoacetate and octa-
noate were obtained from Sigma Chemical Co.,
St. Louis, MO, U.S.A.; L-[1-'*C]llactate was from
New England Nuclear Corp., Boston, MA, U.S.A_;
all enzymes and substrates for metabolic assays were
from Boehringer Mannheim Corp., New York, NY,
U.S.A. Acetoacetate, free of ethanol, was prepared
from its ethyl ester as described by Krebs & Eggleston
(1941). Free fatty acids, as their sodium salts, were
added to the albumin before dialysis.

Perfusion procedure

Details of the perfusion apparatus, the operative
preparation of the hindquarter and the composition
of the perfusate were described previously (Ruderman
et al., 1971). The operative procedure differed slightly
in that the skin of both hindlimbs was only partially
removed to allow freeze-clamping of the muscle at the
end of an experiment.

After placement in the perfusion apparatus, the
hindquarter was cyclically perfused with 150ml of
the standard medium, which contained 7.5mM-
glucose, 4g of albumin/100ml, 1.5-2mM-lactate,
0.15mMm-pyruvate and 3-5uCi of [1-1*Cllactate. The
flow rate through the preparation (11ml/min) was
monitored with a Gilmont flow meter (A. S. Thomas
Corp., Philadelphia, PA, U.S.A.). Throughout the
perfusion, pressure in the tubing leading to the aortic
catheter was 8.0-9.5kPa (60-70mmHyg).

Perfusion was carried out for 10min to allow
equilibration, after which zero-time samples were
collected. The hindquarter was then perfused for
15min in the resting state and for a second 15min
during which time the muscle was contracting. To
stimulate the muscle, Dastre’s electrodes were
attached to the sciatic nerves as described previously
(Ruderman et al., 1971). The legs were fixed on the
perfusion platform with adhesive tape and isometric
contractions were induced with a Grass SK2 stimula-
tor. Electrical stimuli were applied for 0.1ms at a
frequency of 5/s. The voltage at the beginning of the
exercise period was 0.1-0.5V; however, to obtain
vigorous contractions for 15min, considerable in-
creases in the voltage, up to as much as 5V, were
sometimes necessary, towards the end of the perfusion
period. With this method of stimulation, approxi-
mately one-third of the muscle of the hindquarter is
intensely contracting (Houghton, 1971).

Exercise caused only minor changes in the flow of
perfusate through the preparation, and by adjusting
the pressure in the arterial portion of the circulation,
the flow rate was kept constantat 11 ml/min. Through-
out the perfusion, the mean pressure in the tubing
leading to the aortic catheter was 8.0-9.5kPa
(60-70mmHg), the same as in the experiments with
resting muscle.

Sampling of perfusate and tissue

Duplicate samples of perfusate were taken after
0, 15 and 30min, and production and utilization rates
were calculated from changes in perfusate concen-
tration. Comparisons of resting and exercising muscle
were based on values obtained in the first and second
15min of perfusion. Metabolic activity of the resting
hindquarter is constant for at least 30-60min
(Ruderman er al, 1971); therefore differences
between the exercise and resting periods cannot be
attributed to metabolic alterations related to the
duration of perfusion.

Tissue metabolites and lactate specific radio-
activity were determined in muscle freeze-clamped
(see Ruderman ez al., 1971) at the end of the experi-
ment. To obtain samples from resting muscle, a
separate set of experiments was carried out in
which the perfusion was terminated at 15min. The
radioactivity of resting muscle did not change signifi-
cantly during a 15min perfusion: 45000+
14000d.p.m./g (mean+s.p.; n = 6) at zero time and
53200+6400d.p.m./g at 15min. In addition, the
specific activity of lactate, which accounted for more
than 909 of the total radioactivity (see below), was
very comparable in perfusate and tissue, making it
possible to calculate the mean specific radioactivity
of lactate in resting muscle from perfusate values.
This was done only in experiments with resting
muscle. In these studies, the specific radioactivity of
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lactate in tissue was determined from the mean of
lactate specific radioactivity in the perfusate at
0 and 15min. This both enabled us to carry out
exercise studies in the same hindquarter and to correct
for changing lactate specific radioactivity during the
experimental period.

In exercising muscle the specific radioactivity of
lactate in muscle-cell water was determined from
whole-tissue measurements after correcting, by the
following expression for contamination with extra-
cellular fluid (see Berger et al., 1975).

Specific activity of lactate in muscle cells _ a—0.2b
(as d.p.m./umol of lactate) A—-0.2B

where a is the amount of radioactivity in muscle as
d.p.m./g of wet muscle; b is the amount of radio-
activity in perfusate water as d.p.m./ml; A is the
muscle content of lactate as umol/g of wet muscle;
B is the concentration of lactate in perfusate water as
mM.
It was assumed that extracellular fluid comprises
20Y%; of muscle mass (see Berger et al., 1975) and that
nearly all the radioactivity in perfusate and tissue
was due to lactate (see below).

In agreement with the findings of others (Sacktor
et al., 1965; Corsi et al., 1969), vigorous isometric
exercise caused the concentration of lactate in muscle
to increase to approx. 12 umol/g within 2min and it
remained at this value for the duration of the per-
fusion (Fig. 1). Since tissue radioactivity remained
constant [51000+3500d.p.m./g (mean+s.D.; n = 6)],
the specific radioactivity of lactate in muscle-cell
water at 30min was taken to be representative of the
entire 15min period. Perfusate radioactivity also
remained constant during the exercise period.
Correction was not made for the increase in perfusate
lactate (from 2-2.5 to 4-4.5mM) as this would have
had a minimal effect (see eqn. 1).

Isotopic methods

The method for collecting 1*CO, has been described
previously (Ruderman et al., 1971). Serial sampling
of perfusate and tissue extracts revealed that isotopic
equilibrium between the two was achieved at the end
of the equilibration period and persisted throughout
the entire perfusion. T..c. of HCIO, extracts of
medium or tissue homogenates on silica gel [solvent
systems: ether/sorbic acid/water (7:2:1 by vol.) or
propanol/aq. NH; (7:3 v/v)] established that more
than 90% of the radioactivity could be recovered
from a single spot with the Rr value of lactate, even
at the end of an experiment. Therefore radioactivity
in other compounds was neglected, and specific
radioactivity of lactate was determined in perfusate
and tissue by dividing the total d.p.m./volume by the
lactate concentration.
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The oxidation of lactate provides an indirect index
of glucose oxidation, since lactate is constantly
formed from glucose during the course of a perfusion,
and very little glucose is oxidized by the pentose shunt
in skeletal muscle (Green & Landau, 1965). [1-1*C]-
Lactate was used in the present study, in place of
radioactive glucose, to limit difficulties in quantifica-
tion caused by the dual origin of glycolytic inter-
mediates from exogenous glucose and glycogen. In
separate experiments, we established that in resting
muscle, lactate oxidation was linear during the two
15min experimental periods after equilibration.

Analytical methods

Perfusate and tissue specimens (after powdering
under liquid N,) were deproteinized in ice-cold 6%
(w/v) HCIO,. The extracts were neutralized with
KOH, and the KClO, precipitate was removed by
centrifugation at ~2000g for 7-10min. Acetyl-
carnitine was assayed fluorimetrically by the method
of Williamson & Corkey (1969). The methods used
for other metabolite assays and for O, determinations
were described previously (Goodman et al., 1974;
Berger et al., 1975; Ruderman & Berger, 1974).

Calculations

Uptake and release of metabolites were determined
from changes in their concentration in the perfusate
and are expressed as zmol/min per 30g of muscle (see
Ruderman et al., 1971). Acetoacetate utilization was
corrected for non-enzymic losses and for acetoacetate
converted into 3-hydroxybutyrate (Ruderman &
Goodman, 1973). Lactate oxidation was determined
from the difference in total *CO, generated at the
beginning and the end of an experimental period and
was corrected for specific radioactivity of lactate
as described above.

Flux rates through metabolic pathways were
calculated as described below by using mean values
for glucose uptake, lactate release, lactate oxidation,
alanine release and, in the exercise studies, the ac-
cumulation of lactate in the contracting leg muscles.
The contribution of pyruvate accumulation to glycoly-
sis was not determined ; however, in other experiments
we have established that pyruvate accumulation in
perfusate and tissue is negligible both at rest (approx.
109, that of lactate; results not shown) and during
exercise (see Table 3). (1) Lactate production =
lactate release + lactate accumulation in the tissue.
During perfusions with the hindquarter at rest, there
was no accumulation of lactate within the muscle
tissue of the legs (Fig. 1); it was assumed that during
exercise lactate accumulated only in the intensely
contracting leg muscles, i.e. in about one-third of
the hindquarter muscle mass. (2) Glycolytic flux =
(lactate production + lactate oxidation + alanine
release)/2. Since most of the carbon of alanine is
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Fig. 1. Concentrations of lactate and pyruvate in perfused hindguarters of fed rats at rest and during exercise

Results are means +5.E.M., with the number of observations at each time-point in parentheses. The initial tissue-lactate value
during vigorous exercise was taken at 17min. Lactate release was determined from differences in perfusate concentrations
over a 15min interval. See the Materials and Methods section for further details. O, Lactate; ®, pyruvate. [Lactate]/[pyruvate]

values are shown in italics.

thought to be derived from glucose (see Odessey
et al., 1974), the contribution of proteolysis was
neglected. (3) Net glycogen synthesis = glucose up-
take — glycolytic flux. Negative values indicate net
glycogen breakdown.

Results
Fed rats

Atrest, the uptake of glucose by the hindquarter of
a fed rat was negligible when insulin was not added
to the perfusate (Table 1). On the other hand, lactate
and alanine, which are thought to be principally
derived from glucose (see Felig, 1973; Odessey et al.,
1974), were released at rates -of 1.35 and 0.41 umol/
min per 30g of muscle respectively, and lactate was
oxidized at a rate of 0.44 umol/min per 30g of muscle.
As a result, the magnitude of glycolysis was sub-
stantially greater than that of glucose uptake,
suggesting that much of the lactate and alanine
released by the hindquarter was derived from muscle
glycogen.

As shown previously, insulin markedly enhances
the uptake of glucose in resting muscle of fed rats,
but it does not significantly affect the release of
either lactate or alanine (see Ruderman et al., 1971;
Ruderman & Berger, 1974). Insulin significantly
enhanced lactate oxidation; however, the overall rate
of glycolysis was only slightly increased, indicating
that the majority of the glucose taken up by the insulin-
treated muscle is deposited as glycogen.

Vigorous isometric exercise caused a threefold
increase in O, consumption (Table 2), a marked
decrease in the tissue concentrations of creatine
phosphate and ATP, and increases in muscle lactate
and the lactate/pyruvate ratio (Fig. 1, Table 3). This
is in agreement with earlier findings reported for
exhaustive exercise in man (Diamant et al., 1968;
Knuttgen & Saltin, 1972 ; Karlsson & Ollander, 1972)
and experimental animals (Corsi et al., 1969; Hirche
et al., 1973). In the absence of added insulin, exercise
increased the uptake of glucose, glycolysis, glycogen
breakdown and the oxidation of lactate approxi-
mately tenfold. By contrast, the release of alanine was,
if anything, diminished. The addition to the perfusate
of insulin (10m-i.u./ml) did not alter either the
decrease in muscle creatine phosphate and ATP
(see Berger et al., 1975) or the increases in lactate
release and oxidation and glycolysis caused by
exercise (Table 1), although it did significantly dimin-
ish the release of alanine. Insulin also increased
glucose uptake and diminished net glycogenolysis
in the exercising hindquarter; however, the interpre-
tation of these findings is difficult, as only approxi-
mately one-third of the muscle of the hindquarter is
intensely contracting during sciatic-nerve stimulation
(Houghton, 1971). Thus it remains to be determined
whether insulin specifically stimulates the uptake of
glucose and/or diminishes glycogen breakdown in the
contracting tissue.

As shown in Table 2, the oxidation of lactate
accounted for at least 179 of.the oxidative meta-
bolism of the hindquarter of a fed rat at rest and at
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Table 2. Contribution of lactate to the oxidative metabolism of the isolated perfused rat hindquarter: effect of starvation,
diabetes and exercise

Results are means+s.E.M. with the number of observations in parentheses. Insulin was not added to the perfusate. As
explained in the text, *CO, production from [1-*C]lactate provides a minimum estimate of the rate of glucose oxidation.
See the Materials and Methods section and the legend to Table 1 for further details.

Experimental
conditions

Fed

Rest 7.6+0.5(4)

Exercise 23.4+24 (5
Starved, 48h

Rest 9.0+1.2(8)

Exercise 20.7+4.6 (3)
Diabetic

Rest 9.6+0.8 (4)

Exercise 23.4+2.2(7)

* Assumes 3mol of O, used per mol of lactate oxidized.

O, consumption Lactate oxidation
(umol/min per 30g of muscle)

Percentage of O, used
accounted for by
lactate oxidation*

0.44+0.04 (17) 17
4.91+0.89 (9) 63
0.12+0.02 (9) 4
1.73+0.38 (6) 25
11+0.01 (9) 3
09+0.13 9) 14

Table 3. Effects of free fatty acids and acetoacetate on tissue metabolite concentrations in perfused skeletal muscle of fed rats
during rest and isometric exercise

See the legend to Table 4 for other details.

Concentration (umol/g wet weight)

—

Experimental
conditions Pyruvate Lactate
Rest 0.154+0.01 1.6940.17*
an an
Exercise 0.12+0.01 14.01 +£1.00
a7) 19
Exercise+ palmitate (1.3 mm) 0.16+0.02 10.80+2.09
Q)] Q)]
Exercise+octanoate (1 mm) 0.16+0.02 10.21 ét 1.73
) 5)
Exercise+acetoacetate (1.8mm) 0.15+0.01 12.49+1.46
10) )

* Same as for T, P<0.01.

Creatine Fructose 6-

ATP phosphate phosphate Citrate
4.91+0.14* 14.67+0.48* 0.06+0.01* 0.24+0.02
an an 12) (12)
3.84+0.22 5.93+0.66 0.23+0.04  0.19+0.01
(¢8)) (¢8)) (10) (¢§))
4.42+0.48 6.23+0.91 0.28+0.03 0.20+0.01
O] @) ® @
3.98+0.33 9.68+1.20 0.20+0.04 0.17+0.03
® ® @ ()]
3.77+0.30 5.50+1.18 0.28+0.04  0.27+0.03t

(10) (10) (10) (10)

t Significantly different from exercised muscle perfused with no additions, P <0.05.

least 639 during vigorous exercise. These are
minimum estimates of lactate oxidation, since the
specific radioactivity of pyruvate was not measured.
Therefore if lactate and pyruvate were not in equili-
brium, lactate oxidation would be underestimated.
The fact that 63 9; of the O, used by the hindquarter
during exercise could be accounted for by lactate
oxidation suggests that such an error would be minor,
since if significant isotopic disequilibrium occurred,
it should be most apparent during exercise when the
rate of pyruvate formation is greatly increased.

Starved and diabetic rats

In the absence of insulin, glucose uptake was not
significantly different from O in resting muscle of
starved and diabetic rats (Table 1). Compared with
the fed group, the release of alanine and lactate were
increased by 50-100% and lactate oxidation was
decreased by 709;. The disparity between glucose
uptake and glycolysis was greater than in the fed
group, suggesting an increased rate of glycogenolysis.
As reported previously, insulin enhanced the uptake
of glucose in starved rats, but not in severely diabetic
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rats (Goodman et al., 1974; Berger et al., 1975).
Insulin did not alter the release or oxidation of lactate
in either group. On the other hand, it substantially
diminished the release of alanine in diabetic rats and
marginally diminished it in starved rats.

Electrical stimulation of the sciatic nerves caused
increments in O, consumption (Table 2) and decreases
in tissue creatine phosphate and ATP very similar to
those noted in fed rats (see Berger et al., 1975),
suggesting that muscle contractions were of com-
parable intensity. In the starved group, the overall
response to exercise, both in the presence and absence
of insulin, was qualitatively similar to that of fed rats
except that insulin did not decrease alanine release;
lactate oxidation was increased approximately
15-fold, but was still substantially less than in the fed
group.

Exercise did not increase glucose uptake in severely
diabetic rats unless insulin was added to the perfusate,
as described previously (Berger et al., 1975). On the
other hand, it increased the release and oxidation of
lactate and the overall rate of glycolysis as it did in the
other groups. In contrast with starved rats, insulin
enhanced the oxidation of lactate (cf. fed group),
although the absolute rate of lactate oxidation was
still low. It is noteworthy that glycolysis occurred at
the same or a slightly higher rate in diabetic rats
during exercise than in either of the other groups.
Since glucose uptake is decreased in the diabetic rats,
this suggests that the muscle of these animals relies
more heavily on endogenous glycogen for its supply
of glycolytic intermediates. The importance of this
finding will be noted in the discussion.

The relative contribution of lactate (glucose) to the
total oxidative metabolism of the hindquarter was by

far the greatest in fed rats (Table 2). In these animals,
lactate oxidation accounted for at least 179 of total
O, uptake at rest and 639 of it during exercise. By
contrast, after 48 h of starvation lactate accounted for
only 4%, of the O, consumed at rest and 25 % during
exercise. In the diabetic group, the comparable values
were 3 and 149, although in the presence of insulin
the contribution of lactate was undoubtedly more
comparable with that of the starved rats because of the
higher rate of lactate oxidation. Presumably, lactate
(glucose) is replaced as a fuel in muscle of starved and
diabetic rats by lipid and to some extent amino acids.

Effect of free fatty acids and ketone bodies

Inhibition of glucose uptake, glycolysis and pyru-
vate oxidation is observed in heart muscle of starved
and diabetic rats and can be reproduced by perfusing
the heart with fatty acids (see Randle ez al., 1966).
To determine whether free fatty acids have a similar
effect in voluntary skeletal muscle, hindquarters
were perfused with media containing added palmitate
or octanoate. The latter was used in case carnitine-
mediated transport into the mitochondria was
limiting for the oxidation of long-chain fatty acids.
As shown in Table 4, neither fatty acid affected
glucose uptake, lactate oxidation, the release of
lactate and alanine or net glycolysis.

Acetoacetate has also been shown to inhibit
glucose metabolism in perfused heart (Randle et al.,
1966). In addition, it is used in preference to fatty acid
as a fuel by skeletal muscle (see Ruderman et al.,
1971). When added to the initial medium at a
concentration of 1.8mM, acetoacetate was utilized
at a rate of 2.41+0.2 (mean+S.EM., n=10)

Table 4. Effects of free fatty acids and acetoacetate on glucose uptake and disposition in resting and exercising muscle of fed rats

ngults are means+S.E.M. with the ‘number of observations in parentheses. Fatty acids and acetoacetate were added to the
initial medium as indicated. In addition, fatty acid (0.3 mm) was present in all perfusates which was due to fatty acid already
bound to the albumin. Insulin was not added to the perfusing medium. See the legend to Table 1 and the Materials and

Methods section for further details.

. Glucose Lactate Lactate Alanine Calculated
Experl.rqental uptake release oxidation release rate of
conditions (umol/min per 30g of muscle) glycolysis

Rest

No aglditions 0.49+0.24 (34) 1.35+0.14(21) 0.44+0.04 (17) 0.41+0.02(19) 1.1

Palmitate (1.3 mm) 0.77+0.46 (7) 1.2440.21 (8) 0.68 +0.06 (5) 0.41+0.03(7) 1.2

Octanoate (1 mm) 0.03+0.38 (5) 0.83+0.40 (5) 0.52+0.05 (5) 0.46+0.03 (4) 0.9

Acetoacetate (1.8 mm) 0.40+0.45(10) 1.03+0.20(10) 0.35+0.03 %* 0.391+0.06 (9) 0.9
Exercise

No aflditions 4.01+0.34(17) 11.13+0.86(17) 4.91+0.89 (9) 0.32+0.03 (19) 124

Palmitate (0.3 mm) 2.95+0.80(7) 12.07+1.40(7) 4.41+1.07(7) 0.38+0.03 (7) 114

Octanoate (1 mm) 3.52+0.61 (5) 8.41+1.31(5) 3.7240.36 (5) 0.38+0.05 (4) 9.1

Acetoacetate (1.8 mm) 3.25+0.51 (10) 9.12+1.00(7) 2.84+0.61 (5* 0.41+0.05(8) 9.8

* Significantly different from controls, P<0.05.
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Table 5. Effect of acetoacetate on tissue metabolites in isolated perfused skeletal muscle of rats starved for 48 h

Results are means+s.E.M. with the number of observations in parentheses. Hindquarters were perfused with standard
media (see Materials and Methods section) for 15 min without recirculation by the flow-through technique (see Ruderman &
Goodman, 1973), at which time the muscle was freeze-clamped. Acetoacetate utilization was calculated from arteriovenous

differences and flow rate and was corrected for 3-hydroxybutyrate formation.

Tissue concentration (nmol/g wet weight)

Acetoacetate
utilized
(umol/min
Additions to per 30g of
perfusate muscle) Acetoacetate
No additions (4) — 91+9
Acetoacetate, 0.84mm (3) 1.44431 144426
Acetoacetate, 1.73mMm (3) 2.11+56 470+ 71

Citrate Acetyl-CoA  Free CoA  Acetylcarnitine
237+35 1.75+0.39 6.7 +0.65 36
286+ 12 520+0.90 53+0.44 102
264 +46 520+1.2 6.2+0.53 133

Table 6. Effect of acetoacetate in glucose utilization by the
perfused rat hindquarter

Results are means+s..M. for four experiments in each
group. Hindquarters were not exercised. Fat-poor albumin
(Miles Laboratories, Kankakee, IL, U.S.A.) was used, and
initial free fatty acid concentration in perfusate was less
than 0.1mMm. Acetoacetate and insulin were added after
I5min of perfusion, and glucose utilization was measured
over the subsequent 45 min. Concentration of acetoacetate
at 60min was 1.4mm.

Glucose
utilization
(umol/min per
30g of muscle)
0.70+0.14
4.58+0.37
4.25+0.66

Control
Insulin (0.2m-i.u./ml)
Insulin+acetoacetate (2mm)

pumol/min per 30g of muscle. The uptake of glucose
and therelease of lactate and alanine were unaffected;
however, the oxidation of lactate was significantly
inhibited (Table 4). Determination of tissue meta-
bolites in hindquarters perfused with 0.84 or 1.73 mm-
acetoacetate revealed threefold increases in acetyl-
carnitine and acetyl-CoA (Table 5). The concentra-
tion of free CoA was unchanged; however, the
increase in the acetyl-CoA/CoA ratio provides a
possible basis for the inhibition of lactate oxidation
(see the Discussion section). Muscle citrate was not
increased. As shown in Table 6, acetoacetate also did
not affect glucose utilization when the hindquarter
was perfused with a physiological concentration of
insulin and a fatty acid-poor albumin.

Perfused heart differs from voluntary skeletal
muscle in that it is constantly contracting, and
glucose accounts for a sizeable portion of its fuel
needs, even in the absence of added insulin. A similar
situation occurs in voluntary muscle during exercise.
Therefore we investigated the effects of octanoate,

palmitate and acetoacetate on glucose metabolism of
fed rats during isometric exercise. As shown in
Table 3, vigorous exercise caused similar changes in
muscle lactate, creatine phosphate and ATP in all
groups, suggssting that comparable degrees of
exercise were performed. None of the agents altered
the stimulatory effect of exercise on glucose uptake or
lactate release (Table 4), and neither palmitate nor
octanoate significantly inhibited lactate oxidation,
although small effects might have been missed due to
the great variability of this measurement. By contrast,
acetoacetate inhibited the oxidation of lactate by
nearly 50 %;. There was a borderline increase in citrate
in the hindquarters perfused with acetoacetate, but
no change occurred as a result of exposure to octano-
ate or palmitate. Glycolysis was somewhat dim-
inished in the hindquarters perfused with acetoacetate
and octanoate; however, the significance of this
finding is not clear, since statistical analysis was not
possible. That it does not reflect inhibition of phos-
phofructokinase is suggested by the observation that
fructose 6-phosphate was increased to a similar extent
by exercise in all groups.

Discussion

Starvation

During starvation of more than 12-24h, the
oxidation of glucose in muscle (Andres et al., 1956)
and other tissues in man is decreased to conserve
glucose for the brain (Cahill & Owen, 1968). As
pointed out by Cahill & Owen (1968) and Cahill
(1970), if this did not occur gluconeogenesis would
have to be maintained at a very high rate and protein
wasting would be excessive. The present results
suggest that inhibition of pyruvate oxidation in
skeletal muscle is an important mechanism for
achieving these ends. Thus even though rates of
glycolysis are comparable in hindquarters of fed and
starved rats, the oxidation of glucose (lactate) is only
259, as great in the starved group, and the release of
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lactate and alanine is increased. Further, although
glucose oxidation increases more than tenfold in
starved rats during exercise, it is still far less than in
fed animals, indicating that pyruvate oxidation is still
relatively inhibited.

Our data may, if anything, underestimate the
difference in lactate oxidation between fed and
starved rats. Lactate and pyruvate are released by the
hindquarter of an intact rat starved for 48h at
approximately the same rate as in the isolated
perfused preparation (Ruderman ez al., 1971). On the
other hand, in fed rats lactate and pyruvate are
taken up by the hindquarter in vivo, and if oxidized
completely could account for approx. 409 of the O,
consumed (MacDonald et al., 1976). The reason for
this difference has not been ascertained ; nevertheless,
the findings in the intact rat suggest that glucose and
lactate account for an even greater percentage of the
oxidative substrate of muscle in the fed state in vivo
than our results indicate.

The basis for the inhibition of pyruvate oxidation
in skeletal muscle during starvation is only partially
understood. The activity of the active dephosphory-
lated form of pyruvate dehydrogenase is diminished
in skeletal muscle (Hagg et al., 1975, 1976) as it is
in heart (Wieland ez al., 1971), liver (Wieland ez al.,
1974) and adipose tissue (Stansbie et ql., 1975)
during starvation, and the concentration of acetyl-
CoA (an inhibitor of the active form of pyruvate
dehydrogenase) is increased (Goodman et al., 1974).
Studies carried out with the perfused rat heart
suggest that such changes could be the result of an
increased availability of ketone bodies and/or fatty
acids. In accordance with this, we have been able to
demonstrate inhibition of glucose oxidation associ-
ated with an increase in tissue acetyl-CoA (the present
study) and a decrease in the activity of the active form
of pyruvate dehydrogenase (Hagg et al., 1975, 1976)
by perfusing the hindquarter with acetoacetate. On
the other hand, we have been unable to inhibit
oxidation (acetyl-CoA and the active form of
pyruvate dehydrogenase were not measured) by
perfusing with a high concentration of palmitate or
octanoate. This contrasts with the finding of Beatty &
Bocek (1971) that incubation with palmitate causes a
309, inhibition of glucose oxidation in sartorius-
muscle fibres of the rhesus monkey. The reason for
these differing results remains to be established.

In vivo, the uptake of glucose by muscle is dimin-
ished during starvation, at least in part, due to the
decreased ambient concentrations of both glucose and
insulin (see Berger ez al., 1975). That there is probably
no specific alteration of the glucose-transport
mechanism is suggested by the fact that rates of
glucose uptake in hindquarters of fed and starved
rats are comparable both at rest, when perfused with
the same concentrations of insulin and glucose, and
during exercise (Table 1).
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Effect of diabetes

As noted previously, the stimulation of glucose
transport by both exercise and insulin is decreased
in hindquarters of severely diabetic rats (Berger et al.,
1975). The present data demonstrate that diabetic
rats release somewhat more lactate and alanine than
do starved rats, but that the rate of lactate oxidation,
both at rest and during exercise, is comparable in the
two groups. They also reveal that the diabetic rat is
more dependent on muscle glycogen as a source of
carbon atoms for glycolysis (Table 1). This was
evident in resting muscle, but was most striking
during exercise (no insulin), when glycolysis was
markedly stimulated in both starved and diabeticrats,
but the uptake of glucose was enhanced only in the
starved group. Bergstrom & Hultman (1967) have
demonstrated that exhaustion of muscle during
severe exercise correlates with depletion of its glyco-
gen stores. Whether the muscle of a severely diabetic
subject is more prone to fatigue during exercise as a
result of its greater dependence on endogenous
glycogen remains to be determined.

Comparison of glucose uptake in heart and skeletal
muscle

Glucose uptake. A comparison of data obtained
with the perfused heart and hindquarter indicate that
there are significant differences in the regulation of
glucose metabolism in the two types of muscle (see
Table 6). In the absence of insulin, the uptake of
glucose by the resting hindquarter is negligible and
there are no differences between fed, starved and
diabetic rats (see Table 1). By contrast, the uptake of
glucose by heart is significant, and it is diminished by
both starvation and diabetes (Randle et al., 1966;
Ruderman et al., 1976). Further, although the
stimulation of glucose uptake by insulin is decreased
in both tissues by diabetes, free fatty acids and ketone
bodies cause a similar inhibition only in heart.
Finally, the stimulatory effect of exercise on the
uptake of glucose is not diminished by fatty acids or
ketone bodies in the hindquarter, whereas the fatty
acids markedly decrease the increase in- cardiac
glucose utilization caused by an increment in intra-
ventricular pressure (Neely et al., 1969).

‘The inability of fatty acids and ketone bodies to
inhibit glucose uptake by the perfused hindquarter
during maximal stimulation by insulin has previously
been noted by ourselves and by Jefferson et al. (1972).
In addition, Short et al. (1969) and Beatty & Bocek
(1971) have reported that free fatty acids do not
inhibit the stimulation of glucose uptake by insulin
in isolated muscle fibres of man and monkey respec-
tively. Supraphysiological concentrations of insulin
were used in these as well as in the present study;
however, we have observed similar results when
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Table 7. Glucose uptake and disposition in perfused rat heart and hindquarter

Results are means of at least six experiments. Data for perfused heart are from Randle et al. (1966) and for hindquarter

from this study and from Goodman et al. (1974).

Free fatty

State of rat acids

Resting hindquarter
Fed

Fed
Fed
Fed
Diabetic
Exercising hindquarter
Fed

Heart
Fed
Fed
Fed
Diabetic

* Perfusion with acetoacetate.

| I+ 1+ 1

I+ 11

Insulin

+4++11

+

Calculated
Glucose rate of net
Glucose oxidation  glycolysis Net glycogen

uptake (umol glucose/h per g wet wt.) synthesis

1 0.4 2.2 -1.2
1.5 0.7 (0.3)* 2.3 -1.2
1 0.7 2.6 8
14 — — —
4 0.1 2.8 1.2
8 4.9 25 -17
50 23 46 0
64 44 64 0
39 12 37 2
18 23 42 -24

hindquarters are perfused with acetoacetate in the
presence of as little as 2004-i.u. of insulin/ml and a
medium containing delipidated albumin (see Table 6).

Glucose disposition in heart and skeletal muscle

Heart and skeletal muscle also differ with respect
to the disposition of glucose once it enters the cell
(Table 7). This is most clearly seen by comparing the
disposition of glucose taken up by the two tissues in

the presence of insulin. In heart, nearly all the glucose

is utilized for glycolysis: about 709 of it is oxidized
and the remainder is released as lactate and pyruvate.
By contrast, only 25 9; of the glucose taken up by the
hindquarter can be accounted for by glycolysis and
the remainder appears to be converted into glycogen.
The finding that glucose disposition is more alike
when one compares the exercising hindquarter with
heart, suggests that some of these differences may be
due to the fact that the heart is constantly contracting.

Another difference between heart and voluntary
muscle relates to the regulation of glycolysis.
Glycolysis in the two tissues is altered in the same
way by such factors as contraction, alkalosis, anoxia
and adrenaline (M. Berger, S. A. Hagg, M. N.
Goodman & N. B. Ruderman, unpublished work).
On the other hand, it is inhibited in heart but not in
skeletal muscle by starvation, diabetes and perfusion
with fatty acids or ketone bodies (cf. Randle ef al.,
1966; Neely & Morgan, 1974; the present study). In
accordance with these findings, we have not observed
inhibition of phosphofructokinase, such as has been
described in heart in these circumstances (Table 3)
(Goodman et al., 1974).

In contrast with glycolysis and glucose uptake,
glucose (lactate) oxidation is inhibited equally in both
heart and skeletal muscle by starvation and diabetes.
The inhibition in both tissues is associated with
increases in the ratio acetyl-CoA/CoA which could
inhibit pyruvate dehydrogenase (see Randle et al.,
1966) and with a decrease in the fraction of the
pyruvate dehydrogenase complex present in the
active (dephosphorylated) form (Wieland et al., 1971 ;
Hagg et al., 1975). Further, the entire picture can be
reproduced by perfusion of the heart with fatty acids,
and the hindquarter with ketone bodies.

Other differences between heart and skeletal muscle

Protein metabolism was not investigated in the
present study; however, Morgan and his colleagues
(see Jefferson et al., 1974) have observed differences
in the regulation of protein synthesis in heart and
skeletal muscle. In diabetic rats, they observed
ribosomal disaggregation, decreased numbers of
polyribosomes and impaired protein synthesis in
voluntary muscle, whereas in heart the protein
synthetic apparatus was unaffected. Interestingly,
they also observed that the deterioration of protein
synthesis which occurs when muscle is perfused with
an insulin-free medium for several hours could be
prevented in heart, but not in skeletal muscle, by
adding fatty acids or ketone bodies to the perfusing
medium.

Although the findings of our laboratory and that
of Morgan suggest significant differences in the regula-
tion of glucose and protein metabolism in heart and
skeletal muscle, it should be noted that the hind-

1976



GLUCOSE METABOLISM IN PERFUSED SKELETAL MUSCLE 201

quarter contains a mixture of red, white and inter-
mediate-type muscle fibres. Whether one of these
fibre types resembles heart in its pattern of metabolic
regulation more closely than the whole hindquarter,
remains to be determined (see Cuendet et al., 1975;
Maizels et al., 1976). In this regard, it has been shown
that the enzymic apparatus of red and intermediate
fibres is more like that of heart than is the enzymic
apparatus of white muscle (Dawson & Romanul,
1964).

Glucose tolerance in intact animals and man

Impaired glucose tolerance has been noted in a
wide variety of conditions associated with a high
concentration of free fatty acids in plasma, and it has
been suggested that an accelerated rate of fatty acid
metabolism may play a causal role (see Hales, 1968;
Ruderman et al., 1969, 1976). Inhibition of glucose
uptake by free fatty acids and/or ketone bodies has
been noted in diaphragm (Randle er al., 1966) and
in mammary (Williamson, 1973) and submaxillary
(Thompson & Williamson, 1975) glands as well as
in heart. In addition, indirect evidence suggests that
ketone bodies may inhibit the utilization of glucose by
brain (Ruderman et al., 1974). Of these organs only
brain is a quantitatively important user of glucose.
It consumes approx. 5gof glucose/h in man; however,
this occurs at a relatively constant rate and appears to
be independent of changes in insulin and glucose in
the physiological range. Therefore it probably
contributes relatively little to glucose disposal after
a carbohydrate load. For this reason, in the absence of
an effect on skeletal muscle and adipose tissue
(Jeanrenaud, 1961), it seems unlikely that inhibition
of peripheral glucose utilization by free fatty acids
or ketone bodies could cause insulin resistance or
impaired glucose tolerance. Studies carried out in
intact animals and man in which the plasma concen-
tration of free fatty acids are acutely increased or
decreased have been reviewed by Ruderman et al.
(1976). Suffice it to say the direct effect of altering
plasma free fatty acids on glucose metabolism in
skeletal muscle was not investigated systematically in
any of these studies.

In conclusion, neither free fatty acids nor ketone
bodies appear to inhibit glycolysis or the uptake of
glucose in the perfused rat hindquarter. On the other
hand, ketone bodies, and possibly free fatty acids,
inhibit the oxidation of pyruvate in skeletal muscle
and ample evidence suggests that this may contribute
to the decreased oxidation of glucose in skeletal
muscle during starvation.

This work was supported in part by U.S.P.H.S. grants
AM 15272, AM 05077 and AM 15191. N.B.R. was the
recipient of a Career Research and Development Award
from the U.S.P.H.S. (AM 15729), M. B. was the recipient

Vol. 158

of awards from the German Research Association and the
German Diabetes Association,and S. A. H. of a grant from
the U.S.P.H.S. (1-F22-AM-01401). Crystalline pig
insulin, low in glucagon (lot PJ 5589), was kindly provided
by Dr. W. Shaw, Eli Lilly Co., Indianapolis, IN, U.S.A.
We gratefully acknowledge the technical assistance of
Mrs. Zenta Skulte and Mrs. Ludmila Klavins.

References

Adrouny, G. (1969) Am. J. Physiol. 217, 686-693

Andres, R., Cader, G. & Zierler, K. L. (1956) J. Clin.
Invest. 25, 671-682

Beatty, C. H. & Bocek, R. M. (1971) Am. J. Physiol. 220,
1928-1934

Berger, M., Hagg, S. A. & Ruderman, N. B. (1974)
Diabetes 23, Suppl. 1, 347

Berger, M., Hagg, S. A. & Ruderman, N. B. (1975)
Biochem. J. 146, 231-238

Bergstrom, J. & Hultman, E. (1967) Scand. J. Clin. Lab.
Invest. 19, 218-228

Cahill, G. F., Jr. (1970) N. Engl. J. Med. 282, 668-675

Cahill, G. F., Jr. & Owen, O. E. (1968) in Carbohydrate
Metabolism and its Disorders (Dickens, F., Randle,
P. J. & Whelan, W. J., eds.), vol. 2, pp. 497-522,
Academic Press, New York

Corsi, A., Midrio, M. & Granata, A. L. (1969) Am. J.
Physiol. 216, 1534-1541

Cuendet, G. S., Loten, E. G. & Renold, A. E. (1975)
Diabetologia 11, 336

Dawson, D. M. & Romanul, F. C. A. (1964) Arch. Neurol.
11, 369-378

Diamant, B., Karlsson, F. & Saltin, B. (1968) Acta Physiol.
Scand. 72, 383-384

Felig, P. (1973) Metab. Clin. Exp. 22, 179-207

Goodman, M. N., Berger, M. & Ruderman, N. B. (1974)
Diabetes 23, 881-888 )

Green, M. R. & Landau, B. R. (1965) Arch. Biochem.
Biophys. 111, 569-575

Hagg, S. A., Taylor, S. I. & Ruderman, N. B. (1975)
Diabetes 24, Suppl. 22,415

Hagg, S. A., Taylor, S. I. & Ruderman, N. B. (1976)
Biochem. J. 158, 203-210

Hales, C. N. (1968) Biol. Basis Med. 2, 309-338

Hirche, H. F., Bovenkamp, U., Busse, F., Hombach, B.
& Manthey, F. (1973) Scand. J. Clin. Lab. Invest. 31,
Suppl. 128, 11-15

Houghton, C. R. S. (1971) D.Phil. Thesis, University of
Oxford

Houghton, C. R. S. & Ruderman, N. B. (1971) Biochem. J.
121, 15p-16p

Jeanrenaud, B. (1961) Metab. Clin. Exp. 10, 535-581

Jefferson, L. S., Koehler, J. D. & Morgan, H. E. (1972)
Proc. Natl. Acad. Sci. U.S.A. 69, 816-820

Jefferson, L. S., Rannels, D. E., Munger, B. L. & Morgan,
H. E. (1974) Fed. Proc. Fed. Am. Soc. Exp. Biol. 33,
1098-1104

Karlsson, J. & Ollander, B. (1972) Acta Physiol. Scand.
86, 309-314

Knuttgen, H. G. & Saltin, B. (1972) J. Appl. Physiol. 32,
690-694

Krebs, H. A. & Eggleston, L. V. (1941) Biochem. J, 39,
408-419



202 M. BERGER, S. A. HAGG, M. N. GOODMAN AND N. B. RUDERMAN

Krebs, H. A. & Henseleit, K. (1932) Hoppe-Seyler’s Z.
Physiol. Chem. 210, 33-66

MacDonald, M., Neufeldt, N., Park, B., Berger M &
Ruderman, N. B. (1976) Am J. Phystol in the press

Maizels, E., Goodman, M. N. & Ruderman, N. B.
(1976) Diabetes 258, 375

Neely, J. R. & Morgan, H. E. (1974) Annu. Rev. Physiol.
36, 413-459

Neely, J. R., Bowman, R. H. & Morgan, H. E. (1969)
Am. J. Physiol. 216, 804-811

Odessey, R., Khairallah, E. A. & Goldberg, A. L. (1974)
J. Biol. Chem. 249, 7623-7629

Randle, P. J., Garland, P. B., Hales, C. N., Newsholme, E.,
Denton, R. M. & Pogson, C. 1. (1966) Recent Prog.
Horm. Res. 22, 1-44

Reimer, F., Loffler, G. & Wieland, O. H. (1974) Verh.
Dtsch. Inn. Med. 80, 1231-1233

Ruderman, N. B. & Berger, M. (1974) J. Biol. Chem. 249,

" 5500-5506

Ruderman, N. B. & Goodman, M. N. (1973) Am. J.
Physiol. 224, 1391-1397

Ruderman, N. B., Toews, C. J. & Shafrir, E. (1969) Arch.
Intern. Med. 123 299-313

Ruderman, N. B., Houghton, C. R. S. & Hems, R. (1971)
Biochem. J. 124, 639-651

Ruderman, N. B., Ross, P. S., Berger, M. & Goodman,
M. N. (1974) Biochem. J. 135, 1-10 ]

Ruderman, N. B., Goodman, M. N, & Cahill, G. F., Jr.
(1976) Curr. Top. Diabetes in the press

Sacktor, B., Wormser-Shavit, E. & Waite, A. A. (1965)
J. Biol. Chem 240, 2678-2681

Short, F. A., Cobb, L A. & Morgan, T. E. (1969) Med.
Sport (Basel) 3, 122-127

Stansbie, D., Denton, R. M. & Randle, P. J. (1975)
Diabetologia 11, 377

Thompson, M. P. & Williamson, D. H. (1975) Biochem. J.
146, 635-644

Wieland, O. H., Siess, E., Schulze-Wethmar, F. H., Von
Funcke, H. &Wmton,B (1971) Arch. Bzochem onphys
143, 593-601

Wieland, O. H., Loffler, H., Patzelt, C, & Portenhauser, R
(1974) Regul Hepatic Metab. (Alfred Benzon Symp
6th) 62-18

Williamson, D. H. (1973) Symp. Soc. Exp Biol. 217,
283-298

Williamson, J. R. & Corke*, B. (1969) Methods Enzymol
13, 434-513

1976



