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Abstract

 

In normoxic conditions, myocardial glucose utilization is in-
hibited when alternative oxidizable substrates are available.
In this work we show that this inhibition is relieved in the
presence of cAMP, and we studied the mechanism of this ef-
fect. Working rat hearts were perfused with 5.5 mM glu-
cose alone (controls) or together with 5 mM lactate, 5 mM

 

b

 

-hydroxybutyrate, or 1 mM palmitate. The effects of 0.1 mM
chlorophenylthio-cAMP (CPT-cAMP), a cAMP analogue,
were studied in each group. Glucose uptake, flux through
6-phosphofructo-1-kinase, and pyruvate dehydrogenase ac-
tivity were inhibited in hearts perfused with alternative sub-
strates, and addition of CPT-cAMP completely relieved the
inhibition. The mechanism by which CPT-cAMP induced
a preferential utilization of glucose was related to an increased
glucose uptake and glycolysis, and to an activation of phos-
phorylase, pyruvate dehydrogenase, and 6-phosphofructo-
2-kinase, the enzyme responsible for the synthesis of fructose
2,6-bisphosphate, the well-known stimulator of 6-phospho-
fructo-1-kinase. In vitro phosphorylation of 6-phospho-
fructo-2-kinase by cAMP-dependent protein kinase increased
the 

 

V

 

max

 

 of the enzyme and decreased its sensitivity to the
inhibitor citrate. Therefore, in hearts perfused with various
oxidizable substrates, cAMP induces a preferential utiliza-
tion of glucose by a concerted stimulation of glucose trans-
port, glycolysis, glycogen breakdown, and glucose oxidation.
(

 

J. Clin. Invest. 

 

1998. 101:390–397.) Key words: cyclic
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Introduction

 

Chemical energy for the working heart is provided by the oxi-
dation of various substrates, such as fatty acids, ketone bodies,
and carbohydrates. In normoxic conditions, glucose is not a
preferred substrate for the heart, because its metabolism is in-
hibited by fatty acids and ketone bodies (1, 2). This glucose-
sparing effect, also known as the “glucose/fatty acid cycle,” re-
sults from the inhibition of pyruvate dehydrogenase (PDH),

 

1

 

6-phosphofructo-1-kinase (PFK-1), and glucose transport
(3–6). Lactate also inhibits glycolysis in what could be re-
garded as an extension of the glucose/fatty acid cycle (7, 8).

Besides substrate availability, heart metabolism is also reg-
ulated by hormones, some of them acting through cyclic nucle-
otides. cAMP is a mediator of epinephrine, thyroid hormones,
glucagon, histamine, or prostacyclin in the heart (9–11), while
cGMP is the intracellular messenger of atrial natriuretic pep-
tide and nitric oxide (12, 13). It is well known that addition of
epinephrine to isolated perfused hearts stimulates both cardiac
work and glucose utilization (14, 15), suggesting that the extra
energy required for the increased mechanical activity is pro-
vided by glucose. However, it is not known whether these ef-
fects are mediated only through cAMP production. Moreover,
it is still unclear by which mechanism cAMP may relieve the
glycolytic inhibition exerted by alternative fuels. Our aim was
to answer these questions. Namely, we sought to delineate the
effects of a permeable cAMP analogue on glucose metabolism
in the working rat heart and to determine whether, and by
which mechanism, the cAMP-signaling pathway may relieve
inhibition of glucose utilization exerted by alternative oxidiz-
able substrates.

 

Methods

 

Perfusion protocol.

 

Male Wistar rats (170–200 g) fed ad libitum were
anesthetized with pentobarbital (50 mg/kg, intraperitoneally). The
heart was quickly removed and perfused under working conditions at
37

 

8

 

C for the indicated periods of time in a recirculation system with
100 ml of a Krebs-Henseleit bicarbonate buffer containing 5.5 mM
glucose (16) and in equilibrium with a gas phase containing 95% O

 

2

 

and 5% CO

 

2

 

. Two working conditions were chosen, a low load condi-
tion, in which the preload and the afterload were 10 and 60 cm water,
respectively, and a high load condition, in which the preload and the
afterload were increased to 15 and 120 cm water, respectively. When
indicated, the hearts were perfused with 5.5 mM glucose together
with 5 mM lactate, 5 mM 

 

b

 

-hydroxybutyrate, or 1 mM palmitate with
2% (wt/vol) defatted albumin (Boehringer Mannheim, Mannheim,
Germany). The effects of 0.1 mM 8-chlorophenylthio-cAMP (CPT-
cAMP; Sigma Chemical Co., St. Louis, MO), a nondegradable cAMP
analogue, were studied in each group.

Heart rate, aortic pressures, and aortic and coronary outputs were
regularly measured. The work produced by the heart is expressed by
unit of time as a hydraulic power (grams 

 

?

 

 meter/minute) (16, 17).

 

Analytical methods.

 

Glucose phosphorylation was assessed by
the rate of detritiation of [2-

 

3

 

H]glucose (18). The flux through PFK-1
from exogenous glucose was estimated by the rate of detritiation of
[3-

 

3

 

H]glucose (19). Tracer amounts of glucose (2 

 

m

 

Ci/100 ml perfu-
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sate) were added to the buffer at the beginning of the working perfu-
sion. Samples were removed periodically from the perfusate to mea-
sure the formation of 

 

3

 

H

 

2

 

O. Separation of radioactive water from
labeled glucose was carried out by column chromatography, as de-
scribed (18). The results are expressed as micromoles of glucose de-
tritiated per minute per gram. The detritiation rates are minimal val-
ues because they may somewhat underestimate the true rates. This
may result from incomplete detritiation (usually negligible in muscle
tissue) and it may also occur when the intracellular hexose-phosphate
pool is diluted by unlabeled glucosyl units coming from glycogen (19,
20). Taking into account the concentrations of hexose-phosphates
measured in our experimental conditions, we calculated that the un-
derestimation amounted to 

 

,

 

 10%.
At the end of perfusion, the hearts were freeze-clamped between

aluminum blocks precooled in liquid nitrogen. About 300 mg frozen
tissue was homogenized with an Ultraturrax in 3 vol of 10% perchlo-
ric acid at 0–4

 

8

 

C to measure glycolytic intermediates (glucose 6-phos-
phate and fructose 6-phosphate [Fru-6-P] referred to as hexose
6-phosphates and fructose 1,6-bisphosphate [Fru-1,6-P2], respec-
tively) and citrate (21). Fructose 2,6-bisphosphate (Fru-2,6-P2) was
measured in alkaline extracts, as described previously (5). Glycogen
was measured enzymatically and expressed as glucose equivalents
(22). When the hearts were ready to be perfused in working condition
(zero time of perfusion), their glycogen content averaged 14

 

6

 

3 

 

m

 

mol/g
compared with 

 

z

 

 20 

 

m

 

mol/g in hearts in vivo, thus indicating a loss of

 

z

 

 6 

 

m

 

mol/g during the preparation of the experiment.
Oxygen consumption was measured by a Clark electrode (Yellow

Spring, OH) connected to the pulmonary artery by a short thick-wall
Tygon tube.

 

Measurement of enzyme activities.

 

The activity of phosphorylase
was measured at 30

 

8

 

C in the presence of 5 mM caffeine (active form)
or 2 mM AMP (total activity) as described (22) in homogenates pre-
pared from frozen heart tissue (23).

To measure PDH activity, frozen samples (100 mg) of ventricles
were homogenized in 9 vol of a buffer (0.1 M potassium phosphate,
2 mM EDTA, 1 mM dithiothreitol, pH 7.3) containing 0.1% (wt/vol)
Triton X-100 and 50 

 

m

 

l/ml fresh rat serum, and then frozen at 

 

2

 

20

 

8

 

C.
After thawing, the homogenates were centrifuged (Eppendorf, 30 s)
and the active form in the supernatant was assayed immediately at

30

 

8

 

C, using a coupling reaction with arylamine acetyltransferase as
described (24). The proportion of PDH in the active form was ex-
pressed as a percentage of the total activity, which was determined
following incubation of the supernatant with purified pig heart phos-
phatase and in the presence of 1 mM Ca

 

2

 

1

 

 and 25 mM Mg

 

2

 

1

 

 (25).
Proteins were measured with bovine serum albumin as a stan-

dard. 1 U of enzyme activity corresponds to the formation of 1 

 

m

 

mol
of product/min under the stated conditions.

 

In vitro phosphorylation of 6-phosphofructo-2-kinase (PFK-2).

 

Bovine heart PFK-2/FBPase-2 was purified and phosphorylated by
the purified catalytic subunit of cAMP-dependent protein kinase (PKA)
as described (26). The conditions used to study the effects of phos-
phorylation on PFK-2 inhibition by citrate are detailed in the appro-
priate legend.

 

Statistical analysis and expression of results.

 

All data are expressed
per gram of wet weight and are the means

 

6

 

standard error for at least
five different hearts. Unpaired two-tailed Student’s 

 

t

 

 test was used to
evaluate the statistical significance of differences. ANOVA with Bon-
ferroni correction was performed when necessary. A value of

 

 P 

 

,

 

0.05 was considered as statistically significant.

 

Results

 

Inhibition of glycolysis by alternative substrates

 

Two work load conditions were tested to assess the work-
dependent stimulation of glucose metabolism in hearts per-
fused with glucose alone or together with another substrate. In
hearts perfused with 5.5 mM glucose alone, increasing the
work load doubled hydraulic power and glycolysis from exoge-
nous glucose (Fig. 1). In agreement with a previous study (16),
it also increased the concentration of Fru-2,6-P2, decreased
hexose 6-phosphate concentration, and did not affect Fru-1,6-
P2, glycogen, and citrate concentration (Table I). Addition of
lactate, 

 

b

 

-hydroxybutyrate, or palmitate together with glucose
did not affect hydraulic power (Fig. 1). In keeping with Ran-
dle’s original observation (2), these substrates totally sup-
pressed the stimulation of the flux through PFK-1 from exoge-

Figure 1. Hydraulic power (top) 
and glycolytic flux (bottom) in 
hearts perfused with 5.5 mM 
glucose alone or together with
5 mM lactate, 5 mM b-hydroxy-
butyrate, or 1 mM palmitate, at 
either low load (left) or high load 
(right). Glycolytic flux repre-
sents the rate of detritiation of
[3-3H]glucose. Open bars, control 
hearts; hatched bars, hearts per-
fused with 0.1 mM CPT-cAMP. 
*P , 0.05 vs. same group without 
CPT-cAMP; #P , 0.05 vs. hearts 
with glucose alone in same condi-
tion; n $ 6 in each group.
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nous glucose, which was induced by increasing the work load
(Fig. 1). Therefore, heart work by itself did not stimulate glu-
cose metabolism when other oxidizable substrates were avail-
able.

The inhibitory effects of lactate on glucose metabolism
were further studied. Perfusion with lactate within the physio-
logical range of concentration (0.5–10 mM) inhibited both glu-
cose uptake and flux through PFK-1 from exogenous glucose.
However, the two steps differed in their sensitivity towards
lactate. Indeed, inhibition of flux through PFK-1 was maximal
at 5 mM lactate, whereas inhibition of glucose uptake only
started at 10 mM lactate (Fig. 2). In hearts perfused with lac-
tate, the concentrations of hexose 6-phosphates and citrate
were increased, whereas the concentration of Fru-2,6-P2 was
decreased, compared with hearts perfused with glucose alone
(Table I). The increase in Fru-2,6-P2 concentration brought
about by increasing the work load in glucose-perfused hearts
was abolished in the presence of lactate. In all hearts perfused
with lactate, the concentrations of Fru-2,6-P2 and citrate were
inversely related (Fig. 3). The glycogen content was found to
be increased by lactate in both work load conditions (Table I).
Similar results were found with oxidizable substrates other
than lactate. In hearts perfused with palmitate or 

 

b

 

-hydroxy-
butyrate, glycogen concentration was 16.0

 

6

 

2.0 and 13.5

 

6

 

2.0

 

m

 

mol/g, respectively, whereas Fru-2,6-P2 content was de-
creased to 0.7

 

6

 

0.1 and 0.6

 

6

 

0.2 nmol/g, respectively (

 

P

 

 , 

 

0.01
versus hearts with glucose alone).

 

Stimulation of glucose utilization by CPT-cAMP

 

Addition of 0.1 mM CPT-cAMP to hearts perfused with glu-
cose alone stimulated both hydraulic power and glycolysis
from exogenous glucose in low load conditions. The stimula-
tory effect on hydraulic power occurred within the first min-
utes after the administration of CPT-cAMP, whereas the stim-
ulation of glucose uptake was maximal only after 5 min. At
high load, however, the analogue did not further stimulate
work and glucose metabolism. As expected (27), CPT-cAMP
stimulated glycogen breakdown (Table I). To exclude that this
glycogenolysis resulted from ischaemia brought about by the
analogue, we checked that oxygen consumption increased
from 7

 

6

 

1 to 16

 

6

 

3 

 

m

 

mol/min per g after addition of CPT-

 

Table I. Effect of CPT-cAMP on the Concentration of Glycogen, Hexose 6-P, Fru-1,6-P2, Citrate, and Fru-2,6-P2 in Hearts 
Perfused during 20 min in Two Work Load Conditions, with Glucose (glu) or Glucose and Lactate (glu/lac)

 

Work load Substrate CPT-cAMP Glycogen Hexose 6-P Fru-1,6-P2 Citrate Fru-2,6-P2

 

m

 

mol/g nmol/g

 

Low load glu

 

2

 

10

 

6

 

1 84

 

6

 

10 26

 

6

 

4 80

 

6

 

10 2.1

 

6

 

0.2

 

1

 

1

 

6

 

0.1* 80

 

6

 

6 40

 

6

 

6 27

 

6

 

5* 3.0

 

6

 

0.2*
glu/lac

 

2

 

16

 

6

 

2

 

‡

 

195

 

6

 

20

 

‡

 

42

 

6

 

5 160

 

6

 

15

 

‡

 

0.8

 

6

 

0.2

 

‡

 

1

 

3

 

6

 

0.5* 215

 

6

 

25* 72

 

6

 

6* 135

 

6

 

20 2.5

 

6

 

0.3*
High load glu

 

2

 

11

 

6

 

2 52

 

6

 

5 40

 

6

 

5 85

 

6

 

2 3.0

 

6

 

0.2

 

§

 

1

 

0.2

 

6

 

0.1*

 

§

 

65

 

6

 

10 33

 

6

 

4 20

 

6

 

5* 2.8

 

6

 

0.2
glu/lac

 

2

 

15

 

6

 

2

 

‡

 

185

 

6

 

12

 

‡

 

51

 

6

 

3 125

 

6

 

15

 

‡

 

1.0

 

6

 

0.3

 

‡

 

1

 

2

 

6

 

0.2*

 

§

 

88

 

6

 

8*

 

§

 

80

 

6

 

5* 70

 

6

 

10* 2.5

 

6

 

0.3*

Hearts were freeze-clamped after 20 min of perfusion in each condition. 

 

Hexose 6-P

 

, hexose 6-phosphates. The values are the means

 

6

 

SEM for at
least five different perfusions. *

 

P , 0.05 vs. corresponding value without CPT-cAMP. ‡P , 0.05 vs. corresponding value in the same work load con-
dition with glucose alone. §P , 0.05 vs. corresponding value at low load.

Figure 2. Glucose uptake (top), glycolytic flux (middle), and PDH ac-
tivity (bottom) in hearts perfused at high load with various concentra-
tions of lactate without (open symbols) or with (closed symbols) 
0.1 mM CPT-cAMP. Glucose uptake and glycolytic flux represent the 
rate of detritiation of [2-3H] and [3-3H]glucose, respectively. *P , 

0.05 vs. same group in the absence of lactate; #P , 0.05 vs. corre-
sponding value in the absence of CPT-cAMP. n $ 6 in each group.
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cAMP. Moreover, the fact that the hearts maintained a stable
external work despite the exhaustion of their glycogen stores
further excludes an ischemic insult. Hexose 6-phosphates were
not affected by CPT-cAMP (Table I). The concentration of ci-
trate was decreased significantly by the analogue (Table I),
whereas Fru-2,6-P2 content changed in parallel with glycolysis
from exogenous glucose (Table I and Fig. 1).

Addition of CPT-cAMP in the presence of an alternative
substrate increased hydraulic power in low load conditions, as
was the case for hearts perfused with glucose alone (Fig. 1).
Remarkably, the increase of external work was matched with a
similar stimulation of both glycolysis and glycogenolysis (Fig. 1
and Tables I and II), suggesting that the extra energy required
was provided by glucose and glycogen, despite the presence of
other oxidizable substrates. At high load, CPT-cAMP did not
further increase the work developed, but completely relieved
the inhibition of glycolytic flux by the alternative substrates
(Fig. 1). In this case, glucose metabolism was clearly stimu-
lated despite the presence of alternative substrates and despite
any further increase in work.

The effects of the analogue were also tested in the presence
of various concentrations of lactate. The analogue abolished
the inhibition of glucose uptake and flux through PFK-1 from
exogenous glucose at all concentrations of lactate tested (Fig.
2). The CPT-cAMP–induced glycogen breakdown was not
affected by lactate (Table I). Citrate concentration was also

decreased in the presence of CPT-cAMP. Interestingly, the de-
crease in Fru-2,6-P2 induced by lactate was relieved by CPT-
cAMP (Table I). Moreover, the inverse relationship between
citrate and Fru-2,6-P2 concentrations that was observed in
hearts perfused with lactate could not be evidenced when
hearts were perfused with CPT-cAMP (Fig. 3).

As the glycogen stores were completely depleted in hearts
perfused for 20 min with CPT-cAMP, a shorter perfusion
period (10 min) was chosen to detect changes in metabolite
concentrations during active glycogen breakdown. The con-
centration of hexose 6-phosphates was increased by up to 35%
depending on the experimental groups. There was no signifi-
cant change in Fru-1,6-P2 concentration, and the stimulatory
effect of CPT-cAMP on Fru-2,6-P2 content was present in low
load conditions (Table II).

Relative contribution of exogenous glucose and glycogen
to glycolysis

All the rates reported in this section were calculated from the
data reported in Fig. 1 and Table II. Under low load condi-
tions, no significant loss of glycogen was measured and glucose
was therefore the only source of carbohydrate for glycolysis
(z 0.6 mmol glucose/min per g). This rate was little affected by
alternative oxidizable substrates (the 25% inhibition of PFK-1
flux by palmitate was not statistically significant), whereas it
was greatly increased by CPT-cAMP. Under this condition, to-
tal glycolysis amounted to z 2 mmol glucose/min per g and the
contribution of glucose and glycogen to total glycolysis was ap-
proximately equal.

Increasing the work load stimulated total glycolysis (z 1.3
mmol/min per g), with exogenous glucose and glycogen repre-
senting approximately two-thirds and one-third of the total
rates, respectively. Addition of alternative substrates restored
a glycolytic rate similar to that observed in low load conditions.
Remarkably, the increase in glycogen content (z 3 mmol/g in
10 min) measured when lactate or palmitate was present ac-
counted for 50–75% of the inhibition of glycolysis from glu-
cose, thus indicating that exogenous glucose had been re-
directed toward glycogen. Finally, this effect of alternative
substrates on both glycolysis and glycogen was completely sup-
pressed by CPT-cAMP. In this condition, glycolysis from exog-
enous glucose averaged 1.1 mmol/min per g and glycogenolysis
0.5 mmol/min per g.

Figure 3. Relationship 
between Fru-2,6-P2 
and citrate concentra-
tion in hearts perfused 
at either low or high 
load with glucose and 
various concentrations 
of lactate, in the ab-
sence (open symbols) or 
in the presence (closed 
symbols) of 0.1 mM 
CPT-cAMP. The curve 
represents the signifi-

cant correlation found between both parameters in the absence of 
CPT-cAMP (r 5 0.98, P , 0.01). In the presence of the analogue, no 
significant correlation was found.

Table II. Effect of CPT-cAMP on the Concentration of Glycogen, Hexose 6-P, Fru-1,6-P2, Citrate, and Fru-2,6-P2 in Hearts 
Perfused during 10 min in Two Work Load Conditions, with Glucose (glu) or Glucose and Lactate (glu/lac)

Work load Substrate CPT-cAMP Glycogen Hexose 6-P Fru-1,6-P2 Citrate Fru-2,6-P2

mmol/g nmol/g

Low load glu 2 12.061.0 7166 3465 3466 2.160.2
1 3.260.6* 8165* 4066 3665 2.760.2*

glu/lac 2 15.060.5‡ 122610‡ 4866‡ 113610‡ 1.360.2‡

1 6.060.4*‡ 135615‡ 5367 11065‡ 1.860.2*‡

High load glu 2 10.560.5 7363 4365 2263 2.860.3§

1 1.060.3*§ 10066* 2663* 3365* 3.060.2
glu/lac 2 17.060.6‡ 160610‡ 5366 12565‡ 1.260.2‡

1 9.061.0*‡ 215615*‡ 7068 15368*‡ 1.560.1‡

Hearts were freeze-clamped after 10 min of perfusion in each condition. Hexose 6-P, hexose 6-phosphates. The values are the means6SEM for at
least four different perfusions. *P , 0.05 vs. corresponding value without CPT-cAMP. ‡P , 0.05 vs. corresponding value in the same work load con-
dition with glucose alone. §P , 0.05 vs. corresponding value at low load.
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Molecular targets of CPT-cAMP

From the results described above, it appears that the cAMP
analogue relieved the inhibition exerted by lactate at the level of
various regulatory steps in glucose metabolism, namely glu-
cose uptake, flux through PFK-1, and glycogen breakdown.
Such a stimulation of glycolytic flux was most probably
matched with increased glucose oxidation and, therefore, with
activation of PDH. Therefore, we measured the activity of
PFK-2, phosphorylase, and PDH in each group.

PFK-2 activity. The stimulation of flux through PFK-1 by
CPT-cAMP was related to an increased concentration of Fru-
2,6-P2 (Tables I and II). Moreover, the lactate-induced fall in
Fru-2,6-P2 concentration was partly relieved by CPT-cAMP.
This suggests a change in PFK-2 activity, either by decreasing
the sensitivity to citrate or by increasing the Vmax. To test this
hypothesis, we studied the effects of phosphorylation by PKA
on the kinetic properties of purified bovine heart PFK-2 (Fig.
4). The results from at least three different experiments indi-
cated that phosphorylation increased the Vmax from 40 to 90
mU/mg and decreased the Km for Fru-6-P from 90 to 50 mM.
Moreover, phosphorylation also increased the competitive
(Ki,c from 20 to 40 mM) and the noncompetitive (Ki,unc from 70
to 110 mM) inhibition constants for citrate. These Km and Ki

values are in the physiological range of concentrations (Tables
I and II) and changes in kinetic properties are thus expected to
occur in hearts perfused with CPT-cAMP.

Phosphorylase activity. The activation of phosphorylase
by cAMP is a well-known phenomenon (27). As shown in Fig.
5, the activity of phosphorylase was not affected by lactate, but
increased by threefold after addition of CPT-cAMP. Total
phosphorylase activity was similar between groups and aver-
aged about 10 U/g.

PDH activity. Total PDH activity was the same in all
groups and averaged 4.3 U/g. Increasing the work load in
hearts perfused with glucose alone increased the percentage of

PDH from 29 to 96% (Fig. 6), whereas addition of lactate sup-
pressed this stimulation at high load (Fig. 6). Similarly, addi-
tion of palmitate to hearts perfused at high load decreased the
percentage of PDH in the active form down to 2063%; it is
worth noting that this value was slightly lower than that ob-
served with lactate (2963%; P # 0.05). Addition of CPT-
cAMP fully activated the enzyme in all conditions (Fig. 6). The
dose–response of PDH inactivation by various concentrations
of lactate at high load (Fig. 2) further illustrates the difference
in sensitivity of the key steps of glycolysis towards inhibition
by lactate. PDH was the most sensitive step, followed by PFK-1,
itself more sensitive than glucose uptake. These subtle differ-
ences in sensitivity were abolished by CPT-cAMP, whatever
the concentrations of lactate used (Fig. 2). It is concluded that
the stimulation of glucose utilization by cAMP resulted from a
multisite stimulation involving glucose uptake, PFK-1, PDH,
and glycogen breakdown.

Discussion

Many works have been conducted to investigate the inhibition
of glucose metabolism by alternative substrates on one hand,
and its stimulation by b-adrenergic receptors on the other
hand. In this study, we mainly investigated how glucose metab-
olism is regulated when alternative substrates and cAMP are
both present. Mainly, we show that cAMP reverses the inhi-
bition of glycolysis exerted by alternative substrates. This
involves a concerted stimulation of glucose transport, flux
through PFK-1 (by stimulation of PFK-2), PDH activity, and
glycogen breakdown (Fig. 7). We also showed that the meta-
bolic effects of cAMP can be dissociated from its inotropic ef-
fect. Indeed, increasing the heart work did not suppress the in-
hibition of glycolysis by alternative fuels, whereas addition of
CPT-cAMP in high load condition clearly induced a shift in
heart metabolism without further enhancing the work.

We mainly investigated the effects of the cAMP analogue
on hearts perfused with glucose and lactate as, after transfor-
mation into pyruvate, lactate and glucose share the same met-
abolic pathways (oxidation, carboxylation, or transamination).
Thus, the fact that the inhibition of glycolysis by lactate is re-
lieved by CPT-cAMP demonstrates that glucose becomes a
preferred substrate. We will discuss the molecular mechanisms
of the inhibition of glucose utilization by lactate and its rever-
sal by CPT-cAMP.

Glucose uptake. Glucose uptake was affected by a rela-
tively high concentration of lactate, possibly by a negative
feed-back mechanism of hexose 6-phosphates on hexokinase

Figure 4. Inhibition of 
purified bovine PFK-2 
by citrate before (open 
symbols) and after 
(closed symbols) phos-
phorylation by purified 
PKA. PFK-2 was mea-
sured in the presence of 
5 mM phosphate, 5 mM 
MgATP, and various 
concentrations of Fru-
6-P and citrate up to 10 
times the respective Km 
and Ki values. The re-
sults of one experiment 
are illustrated in this 
figure and mean values 
for Vmax, Km, and Ki are 
given in the text.

Figure 5. Percentage of 
phosphorylase in the ac-
tive form in hearts per-
fused with glucose 
alone (left) or together 
with lactate (right), in 
the absence (open bars) 
or in the presence 
(hatched bars) of
0.1 mM CPT-cAMP. 
*P , 0.05 vs. same 
group without CPT-
cAMP. n $ 4 in each 
group.



Stimulation of Heart Glycolysis by Cyclic AMP 395

(Table I). On the other hand, inhibition of PFK-1 flux was ob-
served at concentrations of lactate lower than those needed to
inhibit glucose uptake (Fig. 2). This difference in sensitivity,
together with the lactate-induced increase in the concentration
of glucose 6-phosphate, led to a reorientation of glucose me-
tabolism toward glycogen synthesis. Indeed, the decrease in
PFK-1 flux can account for the net increase in glycogen con-
tent (Figs. 1 and 2 and Table I). This accumulation of glycogen
by lactate might be of metabolic importance since it confers
some protection to hearts submitted to ischemic stress (28).

The effects of cAMP on glucose uptake have been deduced
mainly from experiments with epinephrine, and conflicting

data have been reported. For Rattigan et al. (29), epinephrine
stimulates the recruitment of GLUT-4 transporters through in-
creased production of cAMP, whereas, for Fischer et al. (30),
the stimulation of glucose transport by catecholamines is medi-
ated through a-adrenergic receptors and is cAMP indepen-
dent. The latter data were obtained in nonbeating cardiomyo-
cytes and could suggest that epinephrine controls glucose
uptake by two different mechanisms: one cAMP-dependent
and related to its inotropic effect, the other cAMP-indepen-
dent mediated by a-adrenergic receptors. Besides a potential
effect of PKA on glucose transporters, cAMP may also stimu-
late glucose transport through increased calcium transients (6).
In our working model, the inotropic effect of cAMP is clearly
associated with a stimulation of glucose transport needed to
encounter the increased metabolic demand at low load. At
high load, however, CPT-cAMP did stimulate glucose uptake
(Fig. 2) despite the absence of inotropic effect.

Glycogen metabolism. The addition of CPT-cAMP dra-
matically accelerated glycogen breakdown, due to an activa-
tion of phosphorylase (Fig. 5). This activation results from a
stimulation of the glycogenolytic cascade by PKA and from
the stimulation of phosphorylase kinase by increased calcium
transients (27, 31).

Flux through PFK-1 and Fru-2,6-P2 concentration. Addi-
tion of lactate, within a physiological range of concentrations,
led to a marked inhibition of PFK-1 flux. This inhibition prob-
ably results from both the fall in the concentration of Fru-2,6-
P2 and the increase in citrate content. Fru-2,6-P2 is indeed a
stimulator, whereas citrate is an inhibitor of PFK-1. Citrate
also increases the sensitivity of PFK-1 to inhibition by ATP
(32). Moreover, heart PFK-2 is very sensitive to inhibition by
citrate (5, 32). Therefore, citrate exerts a dual lock by inhibit-
ing both PFK-1 and PFK-2, explaining that the concentrations
of Fru-2,6-P2 and citrate were inversely related in hearts per-
fused without cAMP (Fig. 3). Whereas the inhibitory effect of
citrate on heart PFK-1 has been described more than 30 yr ago
(3), the mechanism of transfer of citrate from the mitochon-
dria to the cytosol in cardiac cells is not completely under-
stood. Nevertheless, the cytosolic and mitochondrial concen-
trations of citrate are closely related under various conditions
in the heart (20), the cytosolic concentration being approxi-
mately half that in the mitochondria (33). Therefore, the con-
centrations of citrate in the cytosol in our experiments (Tables
I and II) are well in the range of concentrations that affect
PFK-2 activity (Fig. 6).

Figure 6. Percentage of PDH in 
the active form in hearts per-
fused with glucose alone or to-
gether with lactate, at either low 
load (left) or high load (right), in 
the absence (open bars) or in the 
presence (hatched bars) of 0.1 mM 
CPT-cAMP. *P , 0.05 vs. same 
group in low load condition; †P , 

0.05 vs. same group without lac-
tate; #P , 0.05 vs. same group 
without CPT-cAMP. n $ 4 in 
each group.

Figure 7. Inhibition of glucose utilization by alternative oxidizable 
substrates and its reversal by cAMP. Alternative substrates inhibit 
glucose metabolism through decreased glucose uptake, decreased 
production of Fru-2,6-P2, and decreased activity of PDH. These ef-
fects reroute glucose toward glycogen synthesis. On the contrary, 
cAMP increases myocardial glucose utilization through stimulation 
of glucose uptake, glycolytic flux, glycogen breakdown, and pyruvate 
oxidation.
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To explain a stimulation of PFK-1 flux by cAMP, one may
consider two possibilities, i.e., the PKA-dependent phosphory-
lation of PFK-1 or PFK-2. PFK-1 from various mammalian tis-
sues has been reported to be a substrate for several protein ki-
nases, including PKA (34, 35). Whether phosphorylation
induces changes in kinetic properties of PFK-1 is a matter of
dispute (36, 37) and convincing evidence to consider PFK-1
phosphorylation as a major control mechanism in the heart is
still lacking. This is not the case for heart PFK-2, which is acti-
vated after phosphorylation by PKA (38, 39). The present data
confirm that phosphorylation changes the kinetic properties
and favors the synthesis of Fru-2,6-P2 by decreasing the Km for
fructose-6-phosphate, and by increasing the Vmax. Moreover,
we show here that phosphorylation renders PFK-2 less sensi-
tive to citrate inhibition (Fig. 4). This mechanism explains the
stimulation of flux through PFK-1 and the lack of correlation
between Fru-2,6-P2 and citrate in hearts perfused with CPT-
cAMP (Fig. 3).

PDH activity. The activity of PDH is under tight control
by effectors and by phosphorylation/dephosphorylation, the
active form being dephosphorylated. PDH kinase, the inacti-
vating enzyme, is stimulated by the reaction products, acetyl-
CoA and NADH, whereas PDH phosphatase is stimulated by
calcium (24, 25). The activation of PDH by increasing the
work load (Fig. 6) probably results from an activation of PDH
phosphatase by increased calcium transients. The activation of
PDH by catecholamines (15) is transduced by b-agonist recep-
tors (40), whose effects are mediated by cAMP. Our experi-
ments indeed show that CPT-cAMP fully activated PDH. The
exact mechanism leading to PDH activation by cAMP remains
unknown, since PDH interconversion is not directly controlled
by PKA, but is related to calcium transients. However, the
mechanism may be more complex. Indeed, the work load–
mediated stimulation of PDH was abolished in the presence of
lactate, whereas this was not the case in the presence of CPT-
cAMP (Fig. 2). As increased calcium transients occur in both
conditions, other mechanisms must be implicated to explain an
inhibitory effect of lactate in one condition and not in the
other.

PDH inactivation by lactate under high load conditions de-
serves some comments. Although it may seem counterintui-
tive, it is actually expected from the known control of PDH in-
terconversion (41). Both products of lactate dehydrogenase
have antagonistic effects on PDH interconversion: an increase
in the NADH/NAD ratio favors inactivation by stimulating
the inactivating PDH kinase, whereas an increase in pyruvate
promotes PDH activation by inhibiting the inactivating PDH
kinase. We suggest that PDH inactivation by lactate results
from a difference in the time–course of the change in NADH/
NAD ratio compared with the change in pyruvate content. Af-
ter the addition of lactate, a drastic increase in NADH/NAD
ratio is expected to occur immediately, whereas the accumula-
tion of pyruvate would be more progressive. In addition, rela-
tively high concentrations of pyruvate are required to change
the activation state of PDH, whereas relatively minor changes
in NADH/NAD ratio are able to control PDH kinase (41). It is
worth noting that PDH inactivation by lactate was not com-
plete and was most evident when PDH had been activated pre-
viously by increasing the work load.

A mechanism involving an increase in the NADH/NAD
ratio as well as in the acetyl CoA/free CoA ratio has also been
invoked to explain PDH inactivation by palmitate in the heart.

Therefore, PDH inactivation by palmitate and lactate share a
common regulatory event, namely the increase in NADH/
NAD ratio. However, PDH inactivation by palmitate is ex-
pected to be more pronounced than after lactate addition, be-
cause two inhibitors are produced from palmitate (NADH and
acetyl-CoA), whereas one inhibitor (NADH) and one activa-
tor (pyruvate) are formed from lactate. A slight difference in
the extent of PDH inactivation was indeed observed (lactate,
2963%; palmitate, 2063%; P # 0.05).

Finally, our data show that PDH was more sensitive to inhi-
bition by lactate than flux though PFK-1, itself more sensitive
than glucose uptake. These differences in sensitivity may ex-
plain the rerouting of glucose toward both glycogen synthesis
(from the difference between glucose uptake and PFK-1 flux),
and anaplerosis of the tricarboxylic acid cycle (from the differ-
ence between PFK-1 flux and PDH activity).
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