
CENTRAL ROLE OF cAMP IN THE INHIBITION OF
GLYCOGEN BREAKDOWN AND GLUCONEOGENESIS
PROMOTED BY LEPTIN AND INSULIN IN PERFUSED RAT
LIVER

Glaucia R. Borba-Murad1, Márcia Vardanega-Peicher2,
Sharize B. Galende2, Rui Curi3, Helenir M. Souza1, Erica G. Mario1,
Bruna K. Bassoli1, Roberto B. Bazotte2,#

�Department of Physiological Sciences, State University of Londrina, 86055-900, Londrina, PR, Brasil, �Department of
Pharmacy and Pharmacology, State University of Maringá, 87020-900, Maringá, PR, Brasil, �Department of Physiology
and Biophysics, University of São Paulo, 05508-900 São Paulo, SP, Brasil

Central role of cAMP in the inhibition of glycogen breakdown and glu-
coneogenesis promoted by leptin and insulin in perfused rat liver.
G.R. BORBA-MURAD, M. VARDANEGA-PEICHER, S.B. GALENDE,
R. CURI, H.M. SOUZA, E.G. MARIO, B.K. BASSOLI, R.B. BAZOTTE.
Pol. J. Pharmacol., 2004, 56, 223–231.

Leptin showed less prominent inhibiting effect on the activation of he-
patic glycogen breakdown and gluconeogenesis promoted by cAMP. The
role of cAMP in the inhibition of glycogen breakdown and gluconeogenesis
induced by physiological levels of leptin (10 ng/ml) and insulin (20 �U/ml)
in the perfused liver was investigated. Insulin but not leptin inhibited (p < 0.05)
the activation of glycogen breakdown promoted by cAMP (3 �M). Contrary
to cAMP, the activation of glycogen catabolism promoted by 8-Br-cAMP
(0.3 �M), a cAMP analogue more resistant to hydrolysis by phosphodies-
terase 3B (PD3B), was inhibited (p < 0.05) not only by insulin (20 �U/ml)
but also by leptin (10 ng/ml). The effect of leptin, however, was less intense
than that of insulin. To verify the participation of the intracellular levels of
cAMP, the experiments were repeated with N�-monobutyryl-cAMP
(N�-MB-cAMP), a cAMP analogue, which is not metabolized by PD3B. The
activation of glycogen breakdown promoted by N�-MB-cAMP (0.3 �M) was
not affected by leptin or insulin. In agreement with the results regarding glyco-
gen catabolism, insulin and leptin at 50 ng/ml but not leptin at 10 ng/ml inhib-
ited (p < 0.05) the activation of gluconeogenesis promoted by cAMP (7.5
�M). Taken together, these results led us to postulate that the convergent sig-
naling pathways of these two hormones causing the inhibition of glycogen
catabolism and gluconeogenesis involve a reduction of intracellular cAMP.
Thus, cAMP levels may play an important role in the cross talk between both
hormones and for the insulin-like effects of leptin.
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INTRODUCTION

Leptin, a 16-kDa protein produced by adipose
tissue and secreted into the blood, has a pivotal role
in the control of food intake, thermogenesis and
glucose metabolism.

Leptin shares many similarities in physiological
actions with insulin. The binding of leptin to its re-
ceptor in the hypothalamus induces appetite sup-
pression while in the muscle, adipose tissue, pan-
creatic islets and hepatocytes, it influences glucose
metabolism [21]. Both leptin and insulin induce
a cascade of intracellular events that includes the ac-
tivation of insulin receptor substrate 1 and 2 (IRS1
and IRS2) � phosphatidylinositol 3-kinase (PI3K)
� protein kinase B (AKT) � phosphodiesterase
3B (PD3B). In agreement with trese findings,
growing literature data suggest a cross talk between
leptin and insulin receptor signaling. These investi-
gations demonstrated that leptin and insulin could
show additive [1, 13] or not additive [15, 19, 22]
effects. However, these studies were performed us-
ing tissue lysates [22] culture of the isolated rat he-
patocytes [1, 23], hepatoma cell line [13, 19] and
hepatic cell line BRL [5].

On the other hand, the perfusion of liver in situ
permits to study the effect of hormones with pre-
served physiologically relevant signaling path-
ways. Thus, by using the in situ perfused liver, we
have shown that leptin at physiological concentra-
tions inhibits glucagon-induced hepatic glycogen
catabolism and gluconeogenesis [8]. In agreement
with our results, Nemecz et al. [18] found that
leptin also suppressed the activation of glycogen
catabolism promoted by epinephrine.

Since a reduction of adenosine-3’-5’-cyclic
monophosphate (cAMP) content is consistent with
the above-described results [8, 18], we decided to
compare the effect of leptin and insulin on the acti-
vation of hepatic glycogen breakdown and gluco-
neogenesis promoted by cAMP and analogues.

MATERIALS and METHODS

Experimental animals

Male Wistar rats weighing 200–220 g were
used. The experiments on animals followed the
Brazilian Law on the protection of animals. The
rats were maintained at constant temperature
(23°C) with automatically controlled photoperiod

(12 h light/12 h dark). Standard laboratory diet
(Nuvital®) was given to the animals.

The study of the glycogen catabolism, i.e. he-
patic glucose production (HGP) and glycogenoly-
sis was performed on the livers from rats with free
access to food. On the other hand, gluconeogenesis
was investigated on the livers from rats fasted for
24 h.

Materials

Recombinant mouse leptin (r-MuLeptin, purity
> 95% by SDS-PAGE and HPLC analyses) was pur-
chased from Peprotech Mexico S.A. Aliquots of the
reconstituted leptin were stored in the deep-freeze at
–70°C and thawed immediately before experiments.
cAMP, 8-bromoadenosine-cAMP (8-Br-cAMP) and
N6-monobutyryl-cAMP (N6-MB-cAMP) were ob-
tained from Biolog. Life Science Institute, Germany.
All others reagents were of the highest available
purity.

Liver perfusion technique

Hemoglobin-free, monovascular, anterograde
liver perfusion was performed. The major conven-
ience of using the liver perfusion technique is that
the effects of leptin and insulin can be determined
immediately. In addition, this technique has the ad-
vantage of determining metabolite release rates di-
rectly from the effluent perfusate in the intact organ.
The animals were anesthetized with an intraperito-
neal injection of pentobarbital sodium (35 mg/kg)
and submitted to laparotomy. The livers were per-
fused in situ using Krebs/Henseleit-bicarbonate
buffer, pH 7.4, saturated with an oxygen/carbon di-
oxide mixture (95/5%). The perfusion fluid was
pumped through a temperature regulated (37°C)
membrane oxygenator prior to entering the liver
via a cannula inserted into the portal vein. The per-
fusion was performed in an open system, without
recirculation of the perfusate [20]. The viability of
the liver during the perfusion was indicated by the
absence of any leaking and/or tissue swelling.
A constant flow rate in each individual experiment
was adjusted according to the liver weight (4 ml/g
of tissue fresh weight/min).

Hepatic glycogen catabolism

After 10 min of liver perfusion, 3 �M cAMP,
0.3 �M 8-Br-cAMP or 0.3 �M N6-MB-cAMP were
dissolved in the perfusion fluid and infused be-
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tween the 10–30 min of the perfusion period, fol-
lowed by a period of post-infusion (20 min) to al-
low the values to return to basal levels. Samples of
the effluent perfusion fluid were collected at 2-min
intervals and the levels of glucose [3], pyruvate
[10] and L-lactate [11] were analyzed. Thus, the ac-
tivation of glucose, L-lactate and pyruvate produc-
tion were measured as the difference between the
rates of release of these substances during (10–30
min) and before (0–10 min) the infusion of cAMP,
8-Br-cAMP or N6-MB-cAMP. The differences per-

mitted to obtain and compare the areas under the
curves (AUC) for all investigated groups. The effect
of these cyclic nucleotides was investigated in the
presence of leptin (10 ng/ml) or insulin (20 �U/ml).

Glycogenolysis was calculated by the sum of
glucose plus the half-sum of L-lactate and pyruvate
[glucose + 1/2 (L-lactate + pyruvate)]. Since pyru-
vate oxidation, pentose-monophosphate shunt and
recycling of pyruvate to glucose are minimal, the
release of these metabolites provides the rate of
glycogenolysis [14].
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Fig. 1. Effect of insulin (20 �U/ml) or leptin (10 ng/ml) on the activation of hepatic glucose production (A and B) and glycogenolysis
(C and D) promoted by adenosine-3’-5’-cyclic monophosphate (cAMP). Isolated perfused livers from fed rats were employed. All
substances were infused between 10 and 30 min of the perfusion period. (�) Infusion of cAMP alone; (�) combined infusion of
cAMP and leptin; (�) combined infusion of cAMP and insulin. The results were calculated as the means ± SEM of 4–6 individual
liver perfusion experiments. The values of SEM are not shown for clarity. The livers were perfused as described in Materials and
Methods



Hepatic gluconeogenesis from L-alanine

In order to evaluate the effect of insulin and
leptin on the activation of gluconeogenesis from
L-alanine promoted by cAMP, the isolated livers
from fasted rats were used. The minimal concentra-
tion of cAMP, i.e. 7.5 �M, which promoted stable ac-
tivation of hepatic gluconeogenesis from L-alanine
was employed. L-alanine (5 mM) was infused be-
tween 10th and 90th min of the perfusion period.

cAMP, alone or combined with leptin (10 ng/ml or
50 ng/ml) or insulin (20 �U/ml), was infused be-
tween 30th and 90th min of the perfusion period.
Samples of the effluent perfusion fluid were col-
lected at 2-min intervals for a total collection pe-
riod of 90 min. The differences in the glucose pro-
duction during (30–90 min) and before (10–30
min) the infusion of cAMP permitted to obtain the
rate of gluconeogenesis for all investigated groups.
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Fig. 2. Effect of insulin (20 �U/ml) or leptin (10 ng/ml) on the activation of hepatic glucose production (A and B) and glycogenolysis
(C and D) promoted by 8-bromoadenosine-3’-5’-cyclic monophosphate (8-Br-cAMP). Isolated perfused livers from fed rats were
employed. All substances were infused between 10 and 30 min of the perfusion period. (�) Infusion of 8-Br-cAMP alone; (�) com-
bined infusion of 8-Br-cAMP and leptin; (�) combined infusion of 8-Br-cAMP and insulin. The results were calculated as the means
± SEM of 6–9 individual liver perfusion experiments. The values of SEM are not shown for clarity. The livers were perfused as de-
scribed in Materials and Methods



Statistical analysis

All metabolic measurements were expressed as
�mol/min/g of liver fresh weight and area under
curves as �mol/g of liver fresh weight.

The program GraphPad Prism (version 2.0) was
used to calculate the AUC. Data were analyzed sta-
tistically by the unpaired Student’s t-test. The level
of significance was set at p < 0.05. Results are re-
ported as means ± SEM.

RESULTS

Since the intracellular levels of cAMP and ana-
logues are proportional to their extracellular con-
centrations used in the liver perfusion experiment
[20], the role played by cAMP was examined by
using analogues that are metabolized at different
rates.

The rates of HGP and glycogenolysis were in-
creased by the rising cAMP concentrations as fol-
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Fig. 3. Effect of insulin (20 �U/ml) and leptin (10 ng/ml) on the activation of hepatic glucose production (A and B) and glycogenoly-
sis (C and D) promoted by N�-monobutyryl-adenosine-3’-5’-cyclic monophosphate (N�-MB-cAMP). Isolated perfused livers from
fed rats were employed. All substances were infused between 10 and 30 min of the perfusion period. (�) Infusion of N�-MB-cAMP
alone; (�) combined infusion of N�-MB-cAMP and leptin; (�) combined infusion of N�-MB-cAMP and insulin. The results were
calculated as the means ± SEM of 4–8 individual liver perfusion experiments. The values of SEM are not shown for clarity. The livers
were perfused as described in Materials and Methods



lows: 3 �M < 15 �M � 30 �M � 60 �M (results not
shown). Thus, we employed the concentration of
cAMP that promoted a minimal and stable activa-
tion of HGP and glycogenolysis, i.e. 3 �M. We ob-
served lower (p < 0.05) cAMP-induced activation of
HGP and glycogenolysis (Fig. 1B,D) in the presence
of insulin (20 �U/ml). However, contrary to insu-
lin, leptin (10 ng/ml) showed no effect on the acti-
vation of HGP and glycogenolysis induced by
cAMP (Fig. 1A, C).

8-Br-cAMP is more resistant to hydrolysis by
PDE3B than cAMP [4]. Thus, as expected, the
level of 8-Br-cAMP that promoted a minimal and
stable activation of HGP and glycogenolysis was
lower (i.e. 0.3 �M) than that obtained with cAMP
(results not shown). Nevertheless, differently than
cAMP, activation of HGP and glycogenolysis was
found to be lower (p < 0.05) when 8-Br-cAMP was
infused not only with insulin (Fig. 2B and 2D) but
also with leptin (Fig. 2A and 2C). However, it has
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Fig. 4. Effect of insulin (20 �U/ml) and leptin (10 ng/ml or 50 ng/ml) on the activation of hepatic glucose production from L-alanine
promoted by adenosine-3’-5’-cyclic monophosphate (cAMP). The isolated perfused livers from rats fasting for 24 h were employed.
4A – Demonstrative experiment showing the activation of hepatic glucose production from L-alanine (5 mM) promoted by cAMP.
4B, 4C, 4D – Areas under curves (AUC) calculated for the period between 30–90 min during the infusion of L-alanine + cAMP
(4B,C,D); L-alanine + cAMP + leptin 10 ng/ml (4B), L-alanine + cAMP + leptin 50 ng/ml (4C) and L-alanine + cAMP + insulin 20 �U/ml.
The results were calculated as the means ± SEM of 4–8 individual liver perfusion experiments. The values of SEM are not shown for
clarity. The livers were perfused as described in Materials and Methods



to be pointed out that the inhibition of the 8-Br-
cAMP-induced activation of HGP and glycogeno-
lysis was more intense in the presence of insulin
(about 75%) than leptin (about 50%).

The participation of PDE3B in the effect of in-
sulin and leptin on the activation of glycogen ca-
tabolism promoted by cyclic nucleotides was also
investigated by replacing 8-Br-cAMP by N6-MB-
-cAMP. Whereas 8-Br-cAMP is susceptible to hy-
drolysis by PDE3B, this enzyme does not degrade
N6-MB-cAMP. For comparative purposes, the
same N6-MB-cAMP concentration was used as in
the experiments with 8-Br-cAMP, i.e. 0.3 �M. In
contrast to 8-Br-cAMP, the activation of HGP and
glycogenolysis promoted by N6-MB-cAMP was

not inhibited by leptin (Fig. 3A,C) or insulin (Fig.
3B, D).

The effect of physiological (10 ng/ml) and
supraphysiological (50 ng/ml) levels of leptin and
physiological levels of insulin (20 �U/ml) on the ac-
tivation of gluconeogenesis from L-alanine (5 mM)
promoted by cAMP (7.5 �M) was then investigated.
Insulin at 20 �U/ml (Fig. 4D) and leptin at 50 ng/ml
(Fig. 4C) but not leptin at 10 ng/ml (Fig. 4A, B) in-
hibited (p < 0.05) the cAMP-induced activation of
hepatic gluconeogenesis from L-alanine.

DISCUSSION

In the liver, the binding of leptin to its receptor
induces activation of janus kinase 2 (JAK2), recep-
tor dimerization, and JAK2-mediated phosphoryla-
tion of the intracellular portion of the receptor.
JAK2 activation triggers signaling via IRS-1 and
IRS-2 which promotes activation of downstream
targets including PI3K. Active PI3K phosphory-
lates phosphatidylinositol-4,5-diphosphate to phos-
phatidylinositol-3,4,5-triphosphate (PIP3). PIP3, in
turn, recruits and activates further downstream mole-
cules, such as AKT and PDE3B, the main cAMP-
degrading enzyme in the liver [6]. Therefore, al-
though leptin and insulin receptors are structurally
distinct, they share many similarities in their signal
transduction pathways. In agreement with the mo-
lecular mechanism of action, several studies have
shown an interaction between leptin and insulin ef-
fects [2, 6, 7, 9, 16, 17].

The results presented herein show that leptin is
less effective than insulin to inhibit the activation
of glycogen catabolism promoted by cAMP (Fig. 1)
and 8-Br-cAMP (Fig. 2).

The metabolism of cAMP by PDE3B may ex-
plain the observed differences. N6-MB-cAMP is
a cAMP analogue in which one of the hydrogen at-
oms of the amino group in position 6 of the purine
nucleobase is replaced by a butyrate group. This
modification of the natural molecule of cAMP cre-
ates a membrane permeant activator of cAMP-
dependent protein kinases that is not degraded by
PDE3B [12]. Therefore, if the influence of the
PDE3B is overcome, the difference obtained with
cAMP (substrate to PDE3B) and 8-Br-cAMP (par-
tially degraded by PDE3B) is abolished.

The pivotal role of cAMP levels in integrating
signal transduction pathways from leptin and insu-
lin receptors on the glycogen catabolism can be ex-

ISSN 1230-6002 229

ROLE OF cAMP IN THE INHIBITION OF HEPATIC GLYCOGEN BREAKDOWN

STAT3 pathwayMAP kinase
pathway

cAMP

EPINEPHRINEGLUCAGON

GLUCOSE

GLUCOSE

INSULIN

LEPTIN

IRS

AMP
pathway

GLUCONEOGENESIS

ATP

PPi
GLYCOGEN

AKT

PIP

PIP

JAK2

2

3

PKA

PI3K

GP

G-1-P

G-6-P

A
C

P
D

3
B

G-6-Pase

Fig. 5. Schematic representation of the interaction between
leptin and insulin in the rat hepatocytes. Abbreviations: AC –
adenyl cyclase; ATP – adenosine 5’-triphosphoric acid; AMP –
adenosine monophosphate; cAMP – adenosine-3’-5’-cyclic mo-
nophosphate; GP – glycogen phosphorylase; G-1-P – glucose-1-
phosphate; G-6-P - glucose-6-phosphate; G-6-Pase – glucose-6-
phosphatase; IRS – insulin receptor substrate; MAP kinase –
mitogen-activated protein kinase; JAK2 – janus kinase 2; PD3B
– phosphodiesterase 3B; PKA – protein kinase A; AKT – pro-
tein kinase B; PI3K – phosphatidylinositol 3-kinase; PIP2 –
phosphatidylinositol 4,5 biphosphate; PIP3 – phosphatidyli-
nositol 3,4,5-triphosphate; STAT3 – activators of transcription-3



tended to gluconeogenesis. Thus, differently of in-
sulin only supraphysiological levels of leptin were
able to overcome the activation of gluconeogenesis
from L-alanine promoted by cAMP (Fig. 4).

Considering that the effect of insulin to inhibit
the activation of glycogen catabolism and gluconeo-
genesis promoted by cAMP was more pronounced
than that of leptin, we can suggest that the process of
activation of IRS-1 and IRS-2/PI3K which promotes
activation of downstream targets, including PDE3B,
is more sensitive to insulin than to leptin.

In agreement with our results, it has been
shown that leptin is much less effective than insulin
in stimulating IRS pathways. For example, PI3K
activity associated with IRS-1 and IRS-2 and AKT
activity in lysates from the liver, adipose tissue and
muscles showed higher responsiveness to insulin
than to leptin [22].

The results presented herein led us to postulate
that the convergent signaling pathways of these two
hormones causing the inhibition of glycogen ca-
tabolism and gluconeogenesis in the liver involve
a reduction of intracellular cAMP. Thus, cAMP
levels may play an important role in the cross talk
between both hormones and for the insulin-like ef-
fects of leptin (Fig. 5). Further studies are, how-
ever, necessary to clarify the complex interplay and
the potential points of cross talk between the intra-
cellular signaling mechanisms stimulated by both
leptin and insulin in the liver.
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