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Introduction

In contrast to liver and some other organs, the
function of the citrate cycle is in muscle almost,
if not exclusively, a catabolic one. It was formerly
held that pathways for the net synthesis and cons-
umption of cycle intermediates were virtually absent
in muscle?, but it is now established that pyruvate
carboxylase (E.C.6.4.1.1)%9,
carboxykinase(E.C.1.1.1.32)%%, and NAD*-and
NADP+-linked$~8) enzymes(E.C.1.1.1.39

and 1.1.1.40, respectively) are present in signif-

phosphoenolpyruvate
“malic”
icant amounts in various types of skeletal muscle.
It would be expected that muscle is capable of

intricate control of the level of citrate cycle inter~
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mediates in order to assure optimal aerobic energy
production under a variety of conditions, and that
the above enzymes play a role in this homeostasis.
Indeed, we have recently demonstrated® that there
is continuous flux of carbon into the citrate cycle
pool, and an equal compensating flux from the
cycle, thus attaining a constant level of intermedi-
ates in a given defined metabolic or physiological
condition. The rates of these opposing fluxes may
be altered resulting in an altered new steady-state
level of cycle intermediates. It may be expected
that an elevation in the size of the pool of interm-
ediates would be beneficial in accommodating acce-
lerated respiration during and after muscular contr-

action. It has bzen shown that the citrate cycle
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pool is acutely elevated by exercise. !9

Therefore, we have examined the changes in
concentrations of citrate cycle intermediates, adenine
nucleotides and phosphocreatine, some amino acids
as well as glycolytic products in perfused skeletal
muscle, the acute contraction of which was induced

by electrical stimulation of both fermoral nerves.

Materials and Methods

Rat hindquarters were perfused with 5 mM glucose
and 12.5 munit/ml insulin exactly as described by
Lee and Davis, 9 ‘

After an initial 50 ml washout, perfusions were
conducted either for 15 min or 60 min during which
one to three minutes of electrical stimulation were
applied.

Isometric muscle contractions were induced by a
squarewave electrical impulse generator with Grass
S4GR stimulator by attaching an electrode to each
of the femoral nerves. The duration of impulse

was 5 msec. with a frequency of 5 per sec. The
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voltage was 0.1~0.2 volt at the beginning. Incre-
ases in the voltage was usually necessary to obtain
maximal intensity of the contraction throughout.
the interval of stimulation.

Throughout all perfusions, the flow rate of the
medium remained constant at 12~15 ml/min and
the mean pressure in the tubing leading to the
aortic catheter was 90/70 mmHg. Portions of muscle-
were freeze-clamped at the appropriate interval,
extracted with HC10, and neutralized® and portions.
of perfusing fluid were also taken for determination. 7
of amino acid content.

Citrate cycle intermediates, pyruvate, lactate, :
ATP, ADP, AMP, and phosphocréatine and amino-
acids were measured by standard enzymatic assays. 9

Results and Discusion

1. Effects on Glycolysis

As shown in Table 1, the level of creatine phos-
phate was reduced to ome-fifth of that of resting

muscle within one min after muscle started, contra-

Table 1. The levels of muscle tissue metabolites in response to electrical stimulation

(nmoles/g wet wt.)

1 min,
Stimulation

3 min,
Stimulation

Control

CrP 22.5441.05(8)
ATP 7.3640.24(9)
ADP 1.19+0. 08(9)
AMP 0.13%+0.01(7)
Cit 0.2140.01(6)
Mal-+Fum 0.12%0. 02(11)
Cit+Mal+Fum 0.33+0. 03

Gln 3.85+0.26(6)
NH; 0.50-+0.11(4)
Glu 1.65+0.10(11)
Asp 0.24+0. 02(6)
Ala 1.87+0.08(9)
Glycogen 22.40+1.45(4)
Lactate 1. 22+0. 13(4)
Pyruvate 0.14+0.01(%)

4. 36:10. 59(6)***
5. 4340, 30(8)%*%
1.2240. 06(8)

0. 170, 01(7)**
0. 26+ 0. 02(6)

© 0.26£0. 02(10)***

0. 524 0. 03***
3.66+0. 16(8)
1. 7630, 10(4)***
1.360. 10(11)*
0.32+0.04(6)
3.080. 17(8)%**
7.550. 93(4)*ex
30. 35+ 1. 19(4)*#*
0. 8510, 02(4)***

4:04+0.79(6)¥F**
4.43+0.27(8)***
1.27+0.07(8)

0. 220, 02(7)***
0.14:£0. 01(6)***
0. 30£0. 02(21)¥**

| 0. 4440, 03***

4.61+0.33(4)*
2. 444 0. 22(4)*¥*
1. 120, 10(11)***

- 0.2210.03(6)

2. 360, 13(9)***
6. 1541, 12(4)*+*
33,33+ 1. 66(4)***
0. 480, 01(4)***

**% Significantly different from control group, p<<0.005

** p<0.05
¥ pL0.1

Numbers in parentheses are numbers of perfusions. The values are
error of the mean(S.E.M.).

expressed as the means=+standard
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ction, indicating that the intensity of exercise
employed in this study was close to maximum. It
is apparent that during this short-term, intense
exercise, muscle glycogen served a major energy
source since the level of muscle glycogen dropped
sharply within one min of exercise, whereas glucose
uptake from extracellular fluid was not increased
(Fig. 1). Continuation of exercise from 1 to 3 min
did not cause further decrease in muscle glycogen.

At the same time, a great amount of lactate accu-

mulated in exercised muscle(52 pmoles/gm tissue
after 3min exercise), and also some was released
into the perfusate(about 2 umoles/gm tissue after
3 min exercise, extrapolated from Fig. 2). Most of
the lactate formed during exercise may be looked
upon as originating from muscle glycogen which
was lost(about 16 umoles/gm tissue). This indicates
that anaerobic glycolysis was greatly stimulated,
probably at the step of phosphofructokinase by low
ATP/ADP ratio(Table 2),

ysis occurred in parallel to some degree.

although aerobic glycol-

The concentration of pyruvate was mostly elevated
at one min of exercise, decreasing again somewhat

as exercise was prolonged to 3min(Table 1).

It is generally recognized that in man, blood
glucose is taken up to some extent by muscle during
physical exercise. In a recent study with rat hind-
quarters!l), exercise induced by sciatic nerve stimu-

lation was reported to have enhanced glucose

uptake about ten-fold in both fed and starved rats.
However, net glucose uptake(Fig.1) by exercise
was not increased in the present study. This disc~
repancy is obviously due to the different experim-~
ental conditions(3 min of stimulation in this study

and 15min of stimulation ' in the study of Berger
et al,)), It has been observed during heavy fore-~
arm exercise(135) that at the onset of exercise
there was first a reduction and a reversal of the
A-V difference in the concentration of glucose
across the forearm, followed by a gradual increase
during the next few minutes. This phenomenon of
early stage of heavy exercise can be explained as
follows. When glycogenolysis occurs, free glucose

is formed corresponding to 8~10% of glycogen in
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Fig. 1. The effect of muscular exercise on net
glucose uptake.

All perfusions were conducted for one hour.
In the test perfusions, the femoral nerves
were electrically  stimulated for a 3min
period after 30min pre-perfusion. Arrow
head indicates start of stimulation. Samples
from control(circle) and stimulated(triangle)
hindquarters were taken from the lower
reservoir. Each value represents the mean-+
S.E.M. for 4 to 6 perfusions.

the debranching processt®,

During conditions of low to moderate rates of
glycogenolysis, this glucose is probably rapidly
phosphorylated by the hexokinase reaction. But
with heavy exercise and rapid glycogen breakdown,
intracellular glucose is accumulated when the hex-
okinase reaction may be operating slowly, due to
inhibition mainly by increased glucose~6-phosphate.
Under these circumstances, it is likely that glucose
transport across the cell membrane and into the
cell is slowed down,

During 3 min. exercise, about 48 ugmoles of free
glucose are expected to have been formed in 30gm
muscle(refer to Table 1) by debranching process of



440 Sung-Hee Cho-and Jae-Man Yoon BREEABEER
15
' T ' ' ' 2. Effects of Exercise on the Levels of
Citric Acid Cycle Intermediates, Alan-
1’0J * i ine, Glutamate and Aspartate
Table 1 shows that muscle contraction effected
5 B increases in the levels of citrate and malate plus
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Fig. 2. The effect of muscular exercise on the
release of A, pyruvate and. B, lactate
info perfusate,

Refer to the  conditions described in . Fig. 1.
Arrow head indicates - ‘start of 3 min. stmula-
tion.

glycogenolysis in this study. Since there was no
change in net glucose uptake during 10min after
3min electrical stimulation(Fig. 1), the above amo-
ynt of free glucose formed must have been ' consu-
med,y the ,rete of glucose consumption being about
5 pmoles/min which is almost the éame,as the rate
of glucose uptake in resting muscls,

During recovery, glucose uptake was almost the
same as in resting muscle(Fig. 1) There was a
rapld increase in the release of lactate from exer-
cising muscle and the rate of lactate release was
hlgher in exercxsed muscle than in resting muscle
&uring recoirery(Fig 2). On the other hancl conip-
ared to the remarkable increase in lactate release,
pyruvate release was 1ncreas=d only to a small
degree. ' ‘ k

fumarate. These changes were maximal within
1min of stimulation. Muscle contraction which was
continued for 3min effected small further changes
in the level of malate plus fumarate, whereas the
citrate.content dropped below - the - resting level.
This low, citrate value could possibly be due to lower
ATP/ADP ratio (Table 2), Tissue pyruvate .and
alanine concentrations were substan_tjially elevated
during 1min stimulation,. whereas the concentration
of glutamate was decreased. -These changes suggest
that the rapid elevation in the level of cycle inter-
mediates can be explained at least partly by synth-
esis of intermediates at the expense of glutamate
by a shift in alanine aminotransferass reactiorn.
Glu+Pyr—a-KG-+Ala

Continued stimulation of muscle from 1 to 3 min
decreased bhoth glutamate and alanine. This further
decrease in tissue glutamate clearly can not be ex-
plained by further. shift in the above reaction,
since a drop in both pyruvate and alanine in the
tissue was observed ln the interval between 1 and
3min of stlmulation Furthermore, the rate  of
alanine release was not changed by muscle cont-
raction for 3min(Fig. 3). In a recent{ study of
Felig et al. 1, it was reported that in exercising
man, alanine is the principal amino acid released

by skeletal muscle and that its release is increased

Table 2. Sums and ratios of metabolites in
exercising muscle.

1min 3min

Control  Stimulation Stimulation
Lac/Pyr 8.7 35.7 69.4
ATP/ADP -6.18 - 4.45 - 3.39
ATP-AMP/ADP2  0.68 0.62 0.60

wmoles/g wet.wt.

ATP+ADP+AMP 6.82° - 5.92 ©5.92 .
Cit4+Mal+Fum - 0.33 0.52 0.44
Ala+Asp+Glu  3.68 4.76 3.70

NH3+GIn 4.34° 5.42 7.05

Refer to the conditions described in Table 1.
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Fig. 3. The effect of muscular exercise on
release of A, ammonia; B, glutamine
and C, alarine into perfusate.

Refer to the conditions described in Fig. 1.
Arrow head indicates start of 3min stimul-
ation.

by exercise. This increase was not observed in our
experiments with the -exercising hindquarter. One
possible explanation for this discrepancy is that
only the muscles innervated by the femoral nerves

were - actually contracting, whereas the medium was

perfusing the entire musculature of the hindquarter,

- This would result in a dilution of the effect on
alanine release from exercising muscles. The rele-
ase of glutamate was very-low in control as' well
as working muscle, so that it could not -contribute

significantly to total change in glutamate level.
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Transamination. of = glutamate with oxaloacetate,
with production of aspartate, does not explain the
continued glutamate decrease, since tissue aspartate
decreased rather -than increased during the 1 to
3min interval of stimulation. Thus, other metabolic
reactions are probably responsible for the observed
changes in the level of amino acids and in citric
acid cycle intermediates in muscle which was stim-

ulated for 3min.

3. Effects of Exercise on the Concentra-
tions of Adenine Nucleotides, Ammonia
and Glutamine

‘ Strenuous exercise of hindlegs for imin caused a
significant decrease in ATP and a further drop
Witﬁ 3min exercise(Table 1). The concentration of
ADP did not change appreciably, but the level of
AMP rose progressivély during 3 min of stimulation,
There was a decrease in the total adenine nucle-
otides in the 3min stimulated muscle of about 2.8
pmoles/gm tissue(Table 2). Along with these, there
were rapid and markedv increases of ammonia in
both tissue(Table 1) and perfusate(Fig. 3). Tissue
glutamine was also increased -whereas release of
glutamine into perfusate was not much affected(Fig.
3). It seems probable that loss of totra‘l adenine
mucleotides is due to conversion of AMP to IMP

with release of ammohia, ckatalyzed by adenylate

deaminase wﬁich is rather active in skeletal
muscle, 15)
AMP-+H,0—IMP--NH;

Adenylate deaminase has a i‘elatively high Km for
AMP), so that the increase in the concentration
of AMP in working muscle ﬁrobably leads to higher
rate of formation of IMP and ammonia. IMP formed
in the above reaction is believed to combine with
aspartate to give adenylosuccinate, which would be
converted into fumarate and AMP to completé the
purine nucleotide cycle, with net result of deamin-
ation of aspartate to fumarate and ammonia. How-
ever, there was no change in the level of aspartate
after 3min exercise compared to that of resting
muscle, although there was a transient increase in
1 min stimulated muscle. Increase in aspartate after

1min stimulation is probably due to a. rapid equilib-
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rium with the increased level of oxaloacetate follo-
wing the elevated level of malate plus fumarate.
As the exercise waé contimued to 3 min. The level
of aspartate was decreased again to that of control,
whereas the sum of malate and fumarate increased
slightly more, This appears to indicate that the
aspartate which disappeared during 1 and 3min
interval was converted to fumarate and ammonia via
purine nucleotide cycle. However, the change in
the level of aspartate was too small to account for
the net formation of ammonia and glutamine during
this period. Furthermore, there was virtually no
change in the sum of aspartate, - glutamate and
alanine after 3min exercise, although a transient
increase in the sum was observed after 1min exer-
cise. Therefore, collected data strongly indicates
that the major source of nitrogen for the net form-
and glutamine (2. 7 pmoles/gm

tissue(Table 2) plus about 0.3 umole of ammonia

ation of ammonia

released into perfusate(Fig. 3) within 10 min from

and that
glutamate lost during 1 and 3 min interval was used

1gm tissue) is adenine nucleotide pool
for the synthesis of glutamine, It was observed
in the separate work by our collaborator(personal
communication) that the level of IMP was remark-
ably elebated in the exercised muscle(from 0. 15 to
3.18umoles/gm wet wt.) and was not decreased
even after 30 min recovery, suggesting that the
purine nucleotide cycle was not functioning rapidly
enough for AMP to be recycled.

The results obtained during the intense exercise
of short period in this study are taken to imply
that citric acid cycle intermediates synthesized
during exercise were supplied by amino acids,
mostly glutamate wiz alanine aminotransferase,
whereas the contribution by purine nucleotide cycle
to the synthesis of the cycle intermediates during
the exercise and recovery periods was almost neg-
ligible,

Summary

Muscular exercise induced by electrical - stimulat-

jon of femoral nerves in perfused rat hindquarters
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(5 contractions per sec) in the presence of insulin
and glucose effected a rapid increase(c.a. two-
fold) in the level of citric acid cycle intermediates.
The highest values were found within one miaute
of stimulation. The tissue concent ratios of lactate,
pyruvate and alanine increased rapidly on initiation
of exercese. Release of lactate also increased rapidly,
whereas that of pyruvate was only moderately
elevated. In the course of three minute exercese,
the sum of alanine, glutamate and aspartate was
only transiently elevated. A fall in creatine-p and
ATP in the stimulated muscle was accompanied by
increases in tissue level of AMP and release of
ammonia into perfusing medium. However, the
changes in glutamine were small. It is concluded
that the pool of citric acid cycle’ intermediates is
expanded during muscular work due (a) to an elev-
ated level of pyruvate, leading to shifts in the
levels of alanine and cycle intermediates via trans-
amination reactions and (b) to stimulation of the

purine nucleotide cycle due to elevated AMP, resul-

ting in generation of cycle. intermediates:and-ammo-

nia at the expense of aspartate.
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