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ABSTRACT

The effect of glucagon and isoproterenol (ß-adrenergic agonist) on hepatic glycogenolysis and glycolysis in isolated
perfused liver was compared. The levels of isoproterenol and glucagon which promoted the maximal activation of
glycogenolysis were 20 µM and 1nM respectively. However, glucagon (1 nM) not only increased glycogenolysis
but also inhibited glycolysis. Because adenosine-3’-5’-cyclic monophosphate (cAMP) is a common second
messenger to glucagon and isoproterenol, the level of cAMP that simulates the effect of these substances were
investigated. The concentration of cAMP that inhibited glycolysis was five times higher (15 ìM) than that which
stimulated glycogenolysis (3 ìM). Similar inhibition of glycolysis was obtained with cAMP agonists resistant to
phosphodiesterases, i.e., 8-Br-cAMP and N6-monobutyryl-cAMP (6-MB-cAMP) at the concentration of 3 ìM.
Thus, apparently glucagon could produce higher cellular levels of cAMP than that obtained with the activation of ß-
adrenergic receptors. The higher amount of cAMP could be enough to overcome the action of phosphodiesterases
and penetrate in the cytosol creating a favourable gradient to inhibit the enzymes of glycolysis.
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INTRODUCTION

Glycolysis in the liver is regulated in an opposite
manner by adenosine-3’-5’-cyclic monophosphate
(cAMP) elevating agents, i.e., epinephrine
(ß-adrenergic receptors) and glucagon which
stimulates and inhibits glycolysis respectively
(Bazotte et al., 1989; Ceddia et al., 1999;
Vardanega-Peicher et al., 2000). Because glucagon
and isoproterenol share a common second
messenger, i.e., cAMP, the opposite effect on
glycolysis could involve the concentration of
cAMP. On the other hand, it is well established

that cAMP and synthetic analogues permeate the
liver cell membrane producing metabolic effects
(Constantin et al., 1997). Because, structurally,
cAMP is a relatively large, polar and water-soluble
molecule it is difficult to estimate exactly how
much of the applied amount is actually permeating
into the cells. For this reason, very high
concentration of cAMP has been employed. For
instance, Kagimoto and Uyeda (1980) used AMPc
100 µM, but could be relevant to point out that 3%
of this concentration, was enough to get metabolic
effects in the liver (Vicentini et al., 2000a,b).
Therefore, in this work we decided to use
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increasing levels of cAMP until get the
concentration which imitated the effect of
isoproterenol (ß-adrenergic agonist) and glucagon
on hepatic glycogenolysis and glycolysis.
Moreover, in order to get further information
about the participation of cAMP on glycogenolysis
and glycolysis promoted by isoproterenol and
glucagon, experiments measuring the effect of
cAMP analogues were performed.

MATERIALS AND METHODS

cAMP, 8-Br-cAMP, and isoproterenol were
purchased from Sigma Chemical Company. N6-
monobutyryl-cAMP (6-MB-cAMP) was obtained
from Biolog. Glucagon was obtained from Eli
Lilly. All other reagents were of the highest purity
obtainable. Male Wistar fed rats (200-220 g), were
anesthetized by an intraperitoneal injection of
pentobarbital sodium (40 mg/kg). After
laparotomy, livers were perfused in situ through
the portal vein as previously described (Akimoto
et al., 2000; Souza et al., 2001). After 10 min of
perfusion isoproterenol, glucagon, cAMP or
cAMP agonists were dissolved in the perfusion
fluid and infused between 10 and 30 min of the
perfusion period. The concentration of
isoproterenol (20 µM) and glucagon (1 nM),
which promoted the maximal activation of
glycogenolysis, were employed (Lopes et al.,
1998). On the other hand, increasing
concentrations were employed until get values that
imitate the effect of isoproterenol and glucagon on
glycogenolysis and glycolysis.
Glucose (Bergmeyer and Bernt, 1974), L-lactate
(Gutmann and Wahlefeld, 1974) and pyruvate
(Czok and Lamprecht, 1974) in the effluent
perfusate were measured at 2-min intervals. All
metabolic measurements were expressed as
µmol.min-1.g-1 tissue fresh weight. Assuming that
L-lactate and pyruvate released into the perfusate
represents 80-90% of the total glycolytic flux
(Kimmig et al., 1983), glycolysis should be
calculated by the sum of L-lactate plus pyruvate.
Thus, the rate of glycolysis was measured as the
difference between the amount of L-lactate and
pyruvate released during (10-30 min) and before
(0-10 min) the infusion of all substances. The
differences allowed obtain and compare the areas
under the curves (AUC). Additionally, the rate of

glycogenolysis was measured from the AUC
obtained by the difference between the amount
of glucose released during (10-30 min) and before
(0-10 min) the infusion of all substances.
The computer program GraphPad Prism (version
2.0) calculated the AUC, expressed as µmol/g +
standard error of the mean (SEM).

RESULTS AND DISCUSSION

Isoproterenol (Fig  1A) activated glycogenolysis
(AUC = 29.5 ± 6.3) and glycolysis (AUC = 8.7 ±
1.9). On the other hand, glucagon also activated
glycogenolysis (AUC = 117.9 ± 5.75) but inhibited
glycolysis (AUC = 5.9 ± 1.5). The activation of
glycogenolysis was mediated by cAMP which was
synthesized by adenylate cyclase in response to
activation by glucagon and ß-adrenergic receptors.
In view of the fact that the effects of glucagon and
isoproterenol on glycogen catabolism are mediated
by cAMP, the opposite effect on glycolysis could
involve the amount of cAMP.
To find the concentration of cAMP which imitated
the effect of isoproterenol and glucagon,
increasing concentrations of cAMP (1.5 ìM, 2.25
ìM, 3 ìM, 15 ìM, 30 ìM, 60 ìM) were employed
(results not showed). Therefore, from the minimal
(i.e., 1.5 ìM) until the maximal (i.e., 15 ìM)
concentration of cAMP, which activated
glycogenolysis, the levels of cAMP that simulated
the effect of isoproterenol (Fig 1A) and glucagon
(Fig 1B) were respectively 3 ìM (Fig 1C) and 15
ìM (Fig 1D). In agreement, the concentration of
cAMP, which simulated the effect of isoproterenol
and glucagon on glycolysis were respectively 3 ìM
and 15 ìM (Fig 1C,D). Thus, a question can be
raised: why cAMP at the concentration of 15 ìM
but not 3 ìM inhibited glycolysis?
Notwithstanding the fact that we did not measure
how much of the cAMP actually got into the cells,
it was well known that the intracellular levels of
cAMP were proportional to the extra cellular
concentration employed in the liver perfusion
experiments (Vicentini et al., 2000a,b). Our data
suggested that the activation of glycogenolysis was
more sensitive to stimulation with cAMP since the
concentration of cAMP that inhibited glycolysis
was five-times higher than that necessary to
activate the glycogenolysis.
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Figure 1 - Effect of isoproterenol 20 ìM (A), glucagon 1 nM (B), adenosine 3’-5’ cyclic monophosphate
3 µM (cAMP) (C) and cAMP 15 µM (D) on glycogenolysis (squares) and glycolysis
(diamonds). The data reported are the mean of 4-8 individual liver perfusion experiments.
AUC = Area under the curve. Liver perfusion experiments were performed as described in
materials and methods.
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Figure 2 - Effect of 3 µM 8-Br-adenosine 3’-5’ cyclic monophosphate, i.e., 8-Br-cAMP (A) and 3 µM
N6-monobutyryladenosine 3’-5’ cyclic monophosphate, i.e., 6-MB-cAMP (B) on
glycogenolysis (squares) and glycolysis (diamonds). The data reported are the mean of 4-7
individual liver perfusion experiments. AUC = Area under the curve. Liver perfusion
experiments were performed as described in materials and methods.

Thus, at the concentration of 3 ìM (Fig 1C) the
amount of cAMP, which got into the hepatocytes
was enough to activate glycogenolysis (AUC =
21.2 ± 3.4) increasing the availability of glucose to
suffer glycolysis (AUC = 2.0 ± 0.4). Moreover, at
the concentration of 15 ìM (Fig 1D), the amount
of cAMP, which got into the hepatocytes was
enough not only to activate glycogenolysis
(AUC = 59.0 ± 5.3) but also to inhibited glycolysis
(AUC = 12.6 ± 0.9).
If the activation of glycogenolysis and the
inhibition of glycolysis was due to the amount of
cAMP, which got into the cells, cAMP analogues
resistant to hydrolysis by phosphodiesterases,
could show similar results obtained with cAMP
(15 ìM) at lower concentration. To investigate
these possibility cAMP analogues resistant to
hydrolysis by phosphodiesterases were employed.
As showed by Fig 2A, 8-Br-cAMP, at the
concentration of 3 ìM, like glucagon, activated
glycogenolysis (AUC = 52.4 ± 7.8) and inhibited
glycolysis (AUC = 10.0 ± 1.2). In agreement, 6-
MB-cAMP  (Fig 2B), a specific inhibitor of
hepatic phosphodiesterase 3B (Zhao et al., 2000),
also activated glycogenolysis (AUC = 116.1 ±
10.5) and inhibited glycolysis (AUC = 13.9 ± 1.0).
Considering that both cAMP analogues can act as

protein kinase agonists, we could suggest that the
amount of cAMP determined the effect on
glycogenolysis and glycolysis.
Considering that the cytosol was the first cell
compartment which received the cAMP infused or
produced by the activation of adenylate cyclase we
can suggest, as proposed by Houslay and Milligan
(1997), that the anchored phosphodiesterases
distributed in the cytosol created localized cAMP
gradients which permited different response to
glycolysis and glycogenolysis. The higher amount
of cAMP could be enough to overcome the action
of phosphodiesterases and penetrate in the cytosol
creating a favourable gradient to inhibit the
enzymes of glycolysis.
This mechanism mediated by glucagon, which
increased the hepatic ability to release glucose,
could be very important, particularly during
hypoglycemia where glucagon was the first and
the main hormone to promote glucose recovery.
Therefore, in spite of the fact that glucagon and
isoproterenol shared at least in part a common
signalling pathway, the results suggested that the
inhibitory effect of glucagon on glycolysis (Fig
1B) was consequence of the higher intracellular
level of cAMP than that obtained with
isoproterenol (Fig 1A).
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RESUMO

O objetivo do presente estudo foi comparar o
efeito do glucagon e do isoproterenol (agonista ß-
adrenérgico) sobre a glicogenólise e o processo de
glicólise em fígado isolado. As concentrações de
isoproterenol e de glucagon que promovem a
máxima ativação da glicogenólise hepática foram
respectivamente 20 µM e 1nM. Todavia, o
glucagon (1 nM) além de estimular a
glicogenólise, inibe a glicólise. Como o glucagon e
o isoproterenol possuem um segundo mensageiro
em comum, ou seja, o AMPc, as concentrações de
AMPc que simulam os efeitos do glucagon e do
isoproterenol foram investigadas. A concentração
de AMPc necessária para inibir a glicólise foi
cinco vezes maior (15 ìM) do que a necessária
para simular o efeito do isoproterenol (3 ìM).
Além disso, similar inibição da glicólise foi obtida
utilizando análogos do cAMP resistentes à
hidrolise por fosfodiesterases (8-Br-cAMP e 6-
MB-cAMP) ambos na concentração de 3 ìM.
Assim, os resultados sugerem que o glucagon
produz concentração intracelular de AMPc mais
elevada do que aquela obtida com a ativação de
receptores ß-adrenégicos. Portanto, a mais elevada
concentração intracelular de cAMP promovida
pelo glucagon além de ativar a glicogenólise,
inibiria a glicólise. Assim, estes resultados como
um todo sugerem que a simultânea ativação da
glicogenólise e a inibição da glicólise promovida
pelo glucagon constituem um mecanismo que
propicia ao fígado maior capacidade de liberar
glicose.
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