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SUMMARY

2-Deoxyglucose depresses atrial contractility without altering membrane potentials

significantly, although the ATP level is progressively reduced. Pyruvate is able to counter-

act the 2-deoxyglucose depression only partially, indicating some relation between the

Embden-Meyerhof pathway and contraction. Nevertheless, pyruvate elevates the ATP

level above the control values. 2-Deoxyglucose depresses more rapidly in the absence of

glucose. Addition of glucose restores the developed tension partially, indicating that con-
tractility to some extent depends either on the initial phases of glucose metabolism, or on

the operation of a nonglycolytic pathway, since there is evidence that 2-deoxyglucose
blocks the Embden-Meyerhof pathway under these conditions.

Atnial rate is not altered by removal of exogenous glucose, is only slightly depressed
by 2-deoxyglucose in glucose medium, but is markedly slowed by 2-deoxyglucose in the
absence of glucose. Since pyruvate has only a limited ability to restore the depressed

rate, the discharge of pacemaker calls is also related to glucose utilization.

INTRODUCTION

Glucose metabolism in the heart has
been well studied, but the relation of

cardiac function to the operation of the
Embden-Meyerhof pathway is not clear.
2-Deoxy-D-glucose (2-DG) interferes with
glucose utilization and presumably is much
more specific than inhibitors such as iodo-

acetate. The effects of 2-DG on atrial con-

tractility, rate, and membrane potentials
have been investigated in order to establish
the nature of the functional dependence
on this phase of the nuetal)olism. 2-DG may
inhibit certain hexokinases (1) and directly
reduce the transport of glucose into cells
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(2). In addition, 2-DG is phosphorylated

to 2-deoxy-D-glucose 6-phosphate (2-DG-

6-P) , which has been shown to inhibit com-

petitively phosphoglucose isomerase (3-5),
and possibly phosphofructokinase or aldo-

lase (4) . 2-DG-6-P may also contribute to
the suppression of glucose uptake (6, 7) . A

depletion of ATP also occurs (8-10) , per-

haps partly by the formation of the non-
metaholizable 2-DG-6-P ( I 1 ) , and this

may secondarily reduce glucose phosphory-
lation. In any event, the inhibitions seem

to be exerted specifically on the early
phases of glucose utilization.

METHODS

Male rats were decapitated, and the atria

were removed and suspended in a modified
Krebs-Ringer bicarbonate medium at pH

7.4 with the following composition: Na�
145 m�i, K� 6 niM, Ca� 1.22 mr�i, Mg� 1.33

mM, Cl 126 m�s, HCO 25.3 m�i, SO42 1.33
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mM, phosphate 1.2 m�, and glucose 5.5 nm.

The medium was gassed with 95% 02: 5%
CO2 and maintained at 30#{176}.A constant

resting tension of 750 �ug was exerted on

the atria by means of a micrometer head,

and the contractile activity was recorded
through a strain gauge. The atnia were
stimulated at a rate of 200/mm except in

the studies on the spontaneous rate. A 60-
ruin equilibration Period was allowed before
readings were taken. Transmembrane po-

tentials were obtained with microelectrodes

by methods previously described (12). ATP
was determined with firefly luciferase and

a Farrand fluorometer (13). 2-DG was

used at 10 m� and pyruvate at 5 mM.

RESULTS

Effects of Glucose Removal

The behavior of atria in the absence of

exogenous glucose was determined to pro-

vide control data with which the responses
to 2-DG niight l)e conipared. The results
are summarized in Fig. 1. The developed
tension decreases progressively, and by 30

FIG. 1. Contractile ilepression in glucose-free

medium, and the effects of glucose and pyruvate

After the e1uilibration period the atria were

washed 4 times with glucose-free mediUm at 0
time ; 5.5 mM glucose (curve 1 ) and 5 mM pyru-
vate (curve 2) were added at arrows. Each curve

a incan of 6 atri�i.

mm is _45%.3 This is not a hypoosmotic

effect due to removal of glucose since re-
placement of the glucose with isosmolar

sucrose does not alter the rate of failure.
The addition of glucose at 30 mm restores
the contractile activity completely, whereas
pyruvate only restores the contractions to

a level of -15%. No changes in resting

tension during failure in glucose-free

medium could be detected.

Effects of 2-DG in Glucose Medium

2-DG causes a progressive decline in
developed tension, the levels being -38%
at 30 mm and -67% at 90 mm (Fig. 2,

Curve 1 : 10 mM 2-DG added at 0 time (3
atria). Curve 2: 10 m�r 2-DG added at 0 time
and 5 mM pyruvate added at arrow (7 atria).
Curve 3 : 10 mM 2-DG and 5 mM pyruvate added
together at 0 time (11 atria). Curve 4 : 5 mM

pyruvate added at 0 time and 10 m�s 2-DO added

at arrow (8 atria).

curve 1 ) . The addition of pyru�’ate at 30
mm rapidly stops the contractile decline

and slowly restores the developed tension
to a level of -27% (curve 2). If 2-DG and
�)yruvate are added together initially, the

3 Contractile depression is in(hcatecl by per cent

changes from the control initial postequilibration
level.
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contractile depression occurs more slowly

than in the absence of pyruvate and the
final developed tension reached is -29%

(curve 3) . The addition of pyruvate initi-

ally leads to a moderate elevation of the

developed tension ; 2-DG added at 30 mm

causes contractile depression which reaches
a value of -26% (curve 4). It is seen that
2-DG in the presence of pyruvate brings

about essentially the same final contractile

depression (-26% to -29% ) whatever the

order of addition. The resting tension is
usually increased somewhat during the ac-
tion of 2-DG in the absence of pyruvate,
indicating a tendency for the atnia to go
into contracture.

Effects of 2-DG in Glucose-Free Medium

Atria in glucose-free medium are de-

pressed by 2-DG more rapidly and mark-

edly than in glucose medium (Fig. 3). At

TIME (MINUTES)

Fia. 3. Effects of 2-DG on atria! contractility

in absence of glucose

10 mM 2-DG added at 0 time ; 5.5 mM glucose

(curve 1) and 5 mM pyruvate (curve 2), added

at arrows. Each curve is a mean of 6 atria.

30 mm the developed tension is -80%
compared to -38% in the presence of
glucose. Since glucose and 2-DG mutually

interfere with the uptake and phosphoryla-

tion of each other, one might expect 2-DG

to enter the atria more rapidly and exert

a greater inhibition in the absence of exog-

enous glucose. However, addition of glu-

cose at 30 ruin restores the developed
tension to -55% (curve 1 ) , which is proba-
bly not significantly different from the

level reached after 90 mm incubation with
2-DG in the presence of glucose (Fig. 2,

curve 1 ) . Thus, even after 30 mm exposure

to 2-DG, glucose is able to exert a very
significant stimulation of atnial contrac-

tility. The addition of �)yruvate at 30 mm
immediately stops the contractile decline

but restores the contractions to only a small
degree (curve 2) . The small effect of pyru-

vate here is in contrast to the results ob-
tamed in glucose-free medium in the ab-

sence of 2-DG (Fig. 1 ) , and it appears that
2-DG in sonic manner reduces the ability

of pyruvate to augment the contractility.
2-DG in the absence of glucose invariably

elevates tile resting tension simultaneously

with contractile depression, although defi-

nite contracture does not occur, and this

can be reversed by 1)0th glucose and pyru-

vate.

The experiments shown in Fig. 4 illus-

trate the atrial responses under different
conditions. Curve 1 shows the partial re-

#{149}0 �

TIMC (MINUTES)

Fia. 4. Comparison of different
atrixil contractility

Curve 1 : glucose-free medium at 0 time ; 5 mM
pyruvate at 30 mm, 10 mM 2-DG at 60 mm,
and 5.5 mM glucose at 90 mm. Curve 2: 10 m�s

2-DG at 0 time in glucose medium ; 5 m�i pyru-
vate at 30 mm. Curve 3: 10 mM 2-DG at 0 time

in glucose-free medium; 5 mM pyruvate at 30

mm and 5.5 m�i glucose at 60 mm.
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covery produced by pyruvate in glucose-
depleted atria, the depression by 2-DG in

the presence of pyruvate, and the ability
of glucose to restore contractions after in-

cubation with 2-DG. Curve 2 shows the

recovery from 2-DG depression produced
by pyruvate ; it may be noted that the
final levels of curves 1 and 2 are the same,

glucose, pyruvate, and 2-DG being eventu-

ally present in both. Curve 3 shows the
slight recovery produced by pyruvate in
atnia depressed by 2-DO in the absence of
glucose ; later addition of glucose brings

about a much greater recovery than did
pyruvate, and again the final level is about

the same as in the other experiments.
The inability of 2-DG to suppress

markedly the action of glucose, even when

the atnia are incubated with 2-DG in the
absence of glucose, brought up the question

whether in rat atria 10 � is really an
inadequate 2-DG concentration. These cx-
periments in glucose-free medium were thus
repeated with 30 ni�i 2-DG. The mean de-

pression in two atria after 30 mm was
-64%, which is not significantly different

from the mean of -82% obtained from 11
atria using 10 mM 2-DG. The addition of

glucose brought about recovery to the
-42% level, which is actually somewhat
more effect than was observed after incuba-
tion with 10 mi�r 2-DG. Increase of the

concentration thus does not increase the

effectiveness of 2-DG in depressing atrial
contractility or preventing the recovery
observed with glucose.

Effects of 2-DG and Anoria

Replacement of the oxygen with nitrogen
in the gassing mixture causes an 85% de-
pression of developed tension at 10 mm

and a 96% depression at 30 mm (Fig. 5,
curve 1 ) . Reintroduction of oxygen leads to

a rapid and almost complete recovery.

Anoxic failure is faster and more complete
when 2-DG has been present for 15 mm,

complete loss of contractility occurring
within 10 mm (curves 2 and 3) . Reintro-

duction of oxygen at either 15 or 30 mm

brings about an approximately 60% re-

covery, the contractions then declining

slowly to levels roughly those which would

Fia. 5. Effects of contractility
during anoxia

Oxygen was replaced with nitrogen at 0 time

in all. Each curve is a mean of 5 atria. Curve 1:

anoxia alone with oxygen reintroduced at 30 mm.

Curve � : 10 mM 2-DG added at 0 time and

oxygen reintroduced at 15 mm. Curve 3 : 10 m�
2-DG added at 0 time and oxygen reintroduced

at 30 mm.

have been reached if no anoxic period had
been introduced. Anoxia in glucose-free

medium also causes complete failure within
10 mm, and addition of glucose with rein-

troduction of oxygen at 30 mm restores
contractions almost completely. Compara-

ble experiments, but with 2-DG present,

show that failure occurs even more rapidly
(within 5 mm) , and glucose and oxygen

reintroduced at 15 mm allow 45% recovery.

Effects of �d-DG on Atrial

Membrane Potentials

2-DG in glucose medium reduces the
developed tension 45-50% at 30 mm, but

no significant changes in the resting po-

tential, action potential magnitude, de-
polarization rate, or repolarization rate
were observed in five atnia. The addition
of pyruvate at 30 mm brings about the

partial contractile recovery discussed

above, but this is not accompanied by any

changes in the membrane potential charac-

tenistics. 2-DG is the only inhibitor we
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have studied which is able to depress con-

tractility so specifically, all other inhibitors

accelerating repolanization and lowering the
action potential to varying degrees (12, 14).

Effects of 2-DG on Atrial ATP Levels

The ATP level in atnia after 1 hr equi-
libration in glucose medium is 256 �g/g

(mean from 15 atria). 2-DG depressed the
contractility of two atria to -54% at 30
mm ; the mean ATP level at this time was
found to be 149 �tg/g. In two other atria

depressed to a comparable degree by 2-DG,
pyruvate addition brought about partial

recovery ; 30 mm after the addition of
pyruvate the mean ATP level was 337

�zg/g. Despite the elevation of ATP to a
level higher than the control, the developed

tension was -45% in these experiments.
It is interesting that 15 nun after addition
of pyruvate to normal atria in glucose

medium the ATP level was found to be
increased to 394 �tg/g, at which time tile
contractility was increased 17%. Two atria

were exposed to 2-DG for 30 mm, at which
time the developed tension was -51% ; the
glucose concentration was then doubled to
11 mM, and this stopped the contractile

decline, although after 30 nun only 5% re-
covery had occurred. The ATP level at this
time was 198 �g,/g. Elevation of the glucose

concentration can thus counteract to some

extent tile depression by 2-DG and moder-

ately restore the ATP level.

Effects of �2-DG on the Rate of

Spontaneov�ly Beating Atria

The atrial rate responds differently than

the developed tension to alterations in glu-
cose metabolism (Fig. 6) . Rat atria in

glucose-free medium exhibit no change in
rate over 60 mm, this behavior being similar
to that of rabbit atnia (15), and addition
of pyruvate or glucose does not modify the

rate (curve 1 ) . 2-DG in glucose medium

reduces the rate to about -10% within

20 mm (curve 2) , and this level is ap-

parently maintained. Pyruvate does not
appreciably modify this small depression

by 2-DG.
Although the rate is not altered in glu-

cose-free medium and is only slightly re-

FIG. 6. Changes in atria! rate due to disturb-

ances in glucose metabolism

Curve 1 : glucose-free medium at 0 time ; 5.5

mM glucose or 5 mM pyruvate added at arrow
(4 atria). Curve 2: 10 mi�.s 2-DG added at 0 time

in glucose medium ; 5 mM pyruvate added at

arrow (6 atria). Curve 3 : 10 m�t 2-DG added at

0 time in glucose-free medium ; 5 m�s pyruvate

added at arrow (3 atria).

duced by 2-DG in the presence of glucose,
2-DG in the absence of glucose depresses

the rate rapidly and markedly (curve 3).

The addition of pyruvate brings about a

slow and rather poor recovery. The con-

tractile changes in spontaneously beating

atnia brought about by glucose removal, 2-
DG, and pyruvate addition are quite

similar to those in the electrically driven

atnia.

DISCUSSION

The purpose of this report is to present

the basic data on the functional responses
of atria to 2-DG. Sonic of these results are
rather surprising and provide interesting

possibilities for the metabolic control of

contractile activity. Any attempt at this
time to explain these results in detail would

have to involve too many assumptions. One
needs information on the concentrations

of intermediates and studies on the meta-
bolic fate of labeled substrates under the
conditions described, and this investigation
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is now being undertaken. What we believe

to be the fundamental problems brought
out in this work will be stated, and they

will be discussed in general terms.

The atnial responses to glucose-free me-

diuin and to 2-DG are different in some
respects. The contractile depression is faster
with 2-DG. The most obvious explanation

is that in the absence of glucose the atria

can utilize glycogen, whereas 2-DG blocks

this. However, 2-DG depression is not ac-
companied by changes in the membrane
potentials, whereas in glucose-free medium

one observes membrane potential changes

characteristic of metabolic inhibition (e.g..

shortening of the action potential duration)

(14). 2-DG in the absence of glucose pro-

duces a definite and rapid depression, in-

dicating that glycogen utilization is prob-
ably occurring, assuming that 2-DG exerts
its direct actions only on the Embden-

�‘Ieyerhof pathway. In comparing the

effects of glucose-free medium and 2-DG

one must bear in mind that 2-DG may re-
duce ATP not only by metabolic block,
but also by the formation of 2-DG-6-P.

Previous work with 2,4-dinitrophenol
(14) and other metabolic inhibitors (12)

had led us to believe that ATP levels
regulated those membrane processes con-
cerned with the action potential, but 2-DG

can diepresS contractility over 50% and re-
duce the ATP level comparably without
altering the action potential. The relative

lack of effect of 2-DG on cardiac meiu-

brane potentials has also been reported for

cat papillary muscle (16). Indeed, in anoxic

preparations in glucose-free medium, 2-DG
at 50 mM temporarily lengthens the action
potential (luration in a manner similar to
glucose, although not as effectively. The
most likely explanation for the lack of

effect. by 2-DG on the action potential is

that the ATP is compartmentalized and
that the membrane ATP is for some reason
not reduced by 2-DG.

Another problem is why pyruvate is un-

able to counteract completely either the
effects of glucose-free medium or 2-DG.

One might postulate that pyruvate does not
penetrate sufficiently well, but on the other
hand pyruvate is able in normal atnia to

elevate the contractility and ATP levels,
and in atnia depressed by 2-DG, pyruvate

increases the ATP level to values higher

than in the controls. Thus pyruvate is able
to penetrate readily and generate ATP, but
in the absence of exogenous glucose or

during inhibition of glycolysis, pyruvate
can produce only a partial restoration of

contractions. This would lead one to sup-

pose that the contractile activity depends
in some manner on the operation of the
Embden-�sieyerhof pathway, particularly
on the phosphorylation of glucose. The

ATP arising from pyruvate may be un-
available for some aspect of contraction,

but it is quite possible that some factor
other than ATP is involved.

It is surprising that after incubation of

the atnia with 2-DG for 30 mm in the

absence of exogenous glucose, the addition
of glucose is able to produce a marked

restoration of contractions, and is indeed

more effective than pyruvate. One might

assume that 2-DG at 10 nmi is not able
to block glucose utilization very effectively,
but then why does 2-DG depress con-

tractility so readily? Even 30 mM 2-DG
is unable to block glucose effects. It is

reasonable to suppose that the Embden-
Meyerhof pathway is blocked by 2-DG at

some early site or sites, and that glucose

restores contractions either by its entry

into the atrial cells or by its subsequent
phosphorylation, rather than by its metab-

olism through the entire Enibden-Meyerhof
pathway. A shift in the glucose metabolism

through the pentose-phosphate pathway is

also a �)ossibihty but there is little evidence
that this pathway is important in cardiac
muscle. Although the pentose-phosphate

pathway has been stated to be operative
in rabbit ventricle (17), it appears not to

be important in rabbit atria (17), guinea
pig ventricle (18) , rat ventricle (19) , or

dog ventricle (20) . Further studies with

rat atria on this point are required. In con-
trast to these results with rat atnia, 2-DG
seems to be able to I)lock quite effectively

the response to glucose in the eat papillary

(16) after incubation in the absence of

glucose. Pyruvate restores contractions less

readily after 2-DG than after glucose-free
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medium, and one must consider the pos-

sibility that 2-DO can suppress pyruvate

utilization. Such an inhibition has been ob-

served in ascites carcinoma cells (21 ) , but
here 2-DG, like glucose, depresses respira-
tion (Crabtree effect), whereas in cardiac

tissue glucose does not depress respiration.

Furthermore, l)yruvate is able to elevate

ATP markedly in the presence of 2-DG.
2-DG increases the rate of contractile

failure under anoxic conditions, indicating

that some energy must be coming from

anaerobic glycolysis. Even in the absence

of glucose, 2-DG accelerates anoxic failure

so that one assumes anaerobic utilization

of glycogen occurs. In any event., it is clear
that 2-DG is able to act under anaerobic
conditions, but from the data one cannot

say that the action is either more or less
than aerobically.

Finally, one is struck by the very marked
difference in the rate response to 2-DG in

the presence and absence of glucose (Fig.
6) , especially as absence of glucose alone
has no effect at all on the rate. One must

assume that in glucose-free medium the

pacemaker cells are able to derive sufficient
energy from the utilization of either gly-

cogen or noncarbohydrate substrates. The

fact that 2-DG depresses so markedly

under these conditions would point to gly-
cogen being the major source of this energy,

unless in atrial tissue 2-DG is able in

sonic manner to reduce the utilization of
fatty acids or other substrates. 2-DG in

the presence of glucose depresses tile rate
vel�y little, much less than the contractile
activity ; this imght be explained l)y only

a partial inhii)ition by 2-DG and a rela-
tively small ATP requirement by the pace-

maker cells, l)ut one imght also assume that

nonearbohydrate substrates are providing
the required energy. The failure of pyru-

vate to bring about much recovery in atria
incubated with 2-DG in the absence of

glucose would point to a dissociation be-

tween pacemaker discharge and tricar-

boxylate cycle activity, a situation differ-

ent from that found in rabbit atria (15)

where pyruvate is more effective in reStor-
ing the rate than the contractility in sub-
strate-depleted tissue.

REFERENCES

1. D. G. Walker nnd S. Rao, Biochim. Biophys.
Acta 77, 662 (1963).

2. D. M. Kipnis and C. F. Con, J. Biel. Chem.
234, 171 (1959).

3. A. N. Wick, D. R. Drury, H. I. Nakada and
J. B. Wolfe, J. Biol. Chem. 224, 963 (1957).

4. M. W. Nirenberg and J. F. Hogg, Cancer

Res. 18, 518 (1958).
5. R. A. Ferrari, P. Mandeistam and R. K.

Crane, Arch. Biochem. Biophys. 80, 372

(1959).

6. E. Helmreich and H. N. Eisen, J. Biol. Chem.
234, 1958 (1959).

7. R. L. Modignani and P. P. Fo#{224},Proc. Soc.
Exptl. Biol. Med. 112, 106 (1963).

8. D. B. Tower, J. Neurochem. 3, 184 (1958).

9. N. V. El’tsina and N. A. Beresotskaya, Bio-
chemistry (USSR) (English Transi.) 27,

386 (1962).

10. R. B. MeComb and W. D. Yushok, Cancer

Res. 24, 193 (1964).
11. R. B. McComb and W. D. Yushok, Cancer

Res. 24, 198 (1964).

12. J. L. Webb and P. B. Hollander, Circulation

Res. 7, 131 (1959).
13. B. L. Strehler, in “Methods of Enzymatic

Analysis” (H. U. Bergmeyer, ed), p. 559.
Academic Press, New York, 1963.

14. J. L. Webb and P. B. Hollander, Circu!ation

Res. 4, 618 (1956).

15. J. L. Webb, Brit. J. Pharmaco!. 5, 87 (1950).
16. D. P. MacLeod and E. E. Daniel, J. Gen.

Physiol. 48, 887 (1965).

17. S. Matsumoto, T. Kishii and T. Kobayashi,

Japan. Heart J. 3, 555 (1962).
18. R. L. Jollev, V. H. Cheldelin and R. W.

Xewhurgh, J. Biol. (]hem. 233, 1289 (1958).
19. L. I. Rice and D. A. Berman, J. Pharmacol.

Exptl. Therap. 127, 11 (1959).

20. P. Beaconsfield, Experientia 18, 276 (1962).

21. G. Sauerman, Arch. Biochein. Biophys. 104,
208 (1964).




