
827

Braz J Med Biol Res 30(7) 1997

Glucagon, Ca2+, NAD+-NADH redox potential and hepatic gluconeogenesisBrazilian Journal of Medical and Biological Research (1997) 30: 827-836
ISSN 0100-879X

Ca2+ dependence of gluconeogenesis
stimulation by glucagon at different
cytosolic NAD+-NADH redox potentials

Laboratório de Metabolismo Hepático,
Universidade de Maringá, 87020-900 Maringá, PR, Brasil

A.C. Marques-da-Silva,
R.B. D’Ávila, A.G. Ferrari,

A.M. Kelmer-Bracht,
J. Constantin, N.S. Yamamoto

and A. Bracht

Abstract

The influence of Ca2+ on hepatic gluconeogenesis was measured in the
isolated perfused rat liver at different cytosolic NAD+-NADH poten-
tials. Lactate and pyruvate were the gluconeogenic substrates and the
cytosolic NAD+-NADH potentials were changed by varying the lac-
tate to pyruvate ratios from 0.01 to 100. The following results were
obtained: a) gluconeogenesis from lactate plus pyruvate was not
affected by Ca2+-free perfusion (no Ca2+ in the perfusion fluid com-
bined with previous depletion of the intracellular pools); gluconeo-
genesis was also poorly dependent on the lactate to pyruvate ratios in
the range of 0.1 to 100; only for a ratio equal to 0.01 was a significantly
smaller gluconeogenic activity observed in comparison to the other
ratios. b) In the presence of Ca2+, the increase in oxygen uptake caused
by the infusion of lactate plus pyruvate at a ratio equal to 10 was the
most pronounced one; in Ca2+-free perfusion the increase in oxygen
uptake caused by lactate plus pyruvate infusion tended to be higher for
all lactate to pyruvate ratios; the most pronounced difference was
observed for a lactate/pyruvate ratio equal to 1. c) In the presence of
Ca2+ the effects of glucagon on gluconeogenesis showed a positive
correlation with the lactate to pyruvate ratios; for a ratio equal to 0.01
no stimulation occurred, but in the 0.1 to 100 range stimulation
increased progressively, producing a clear parabolic dependence be-
tween the effects of glucagon and the lactate to pyruvate ratio. d) In the
absence of Ca2+ the relationship between the changes caused by
glucagon in gluconeogenesis and the lactate to pyruvate ratio was
substantially changed; the dependence curve was no longer parabolic
but sigmoidal in shape with a plateau beginning at a lactate/pyruvate
ratio equal to 1; there was inhibition at the lactate to pyruvate ratios
of 0.01 and 0.1 and a constant stimulation starting with a ratio equal to
1; for the lactate to pyruvate ratios of 10 and 100, stimulation caused
by glucagon was much smaller than that found when Ca2+ was present.
e) The effects of glucagon on oxygen uptake in the presence of Ca2+

showed a parabolic relationship with the lactate to pyruvate ratios
which was closely similar to that found in the case of gluconeogenesis;
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the only difference was that inhibition rather
than stimulation of oxygen uptake was ob-
served for a lactate to pyruvate ratio equal to
0.01; progressive stimulation was observed
in the 0.1 to 100 range. f) In the absence of
Ca2+ the effects of glucagon on oxygen up-
take were different; the dependence curve
was sigmoidal at the onset, with a well-
defined maximum at a lactate to pyruvate
ratio equal to 1; this maximum was followed
by a steady decline at higher ratios; at the
ratios of 0.01 and 0.1 inhibition took place;
oxygen uptake stimulation caused by gluca-
gon was generally lower in the absence of
Ca2+ except when the lactate to pyruvate
ratio was equal to 1. The results of the pres-
ent study demonstrate that stimulation of
gluconeogenesis by glucagon depends on
Ca2+. However, Ca2+ is only effective in
helping gluconeogenesis stimulation by glu-
cagon at highly negative redox potentials of
the cytosolic NAD+-NADH system. The
triple interdependence of glucagon-Ca2+-
NAD+-NADH redox potential reveals highly
complex interrelations that can only be par-
tially understood at the present stage of
knowledge.

Introduction

Although primarily mediated by cAMP,
the action of glucagon on hepatic metabo-
lism can be influenced by several factors. In
the specific case of gluconeogenesis there
are two factors that seem to be of striking
importance: a) the intracellular concentra-
tion and distribution of Ca2+ (1) and b) the
redox state of the NAD+-NADH couple (2).

Friedmann and Park (3) showed that glu-
cagon administration to the perfused liver
causes the release of previously accumu-
lated Ca2+. Subsequently, it was demonstrated
that glucagon, as well as ß-adrenergic agents,
are able to induce Ca2+ influx (4-8). As a
consequence of these Ca2+ movements, i.e.,
influx and release from the intracellular pools,
administration of glucagon to the liver cells

is followed by an increase in the cytosolic
Ca2+ concentration (9,10). Since every hor-
mone that increases gluconeogenesis evokes
changes in Ca2+ fluxes it is generally be-
lieved that the action of glucagon on gluco-
neogenesis is also dependent, at least to some
extent, on Ca2+. In fact, it was demonstrated
that several gluconeogenic key enzymes such
as pyruvate carboxylase (11) and protein
kinases (12) are stimulated by Ca2+. Addi-
tionally, gluconeogenesis is an energy-de-
pendent process and several respiratory en-
zymes are sensitive to Ca2+ (13). It was in-
deed demonstrated in the perfused liver that
the effects of suboptimal glucagon concen-
trations on oxygen consumption were more
pronounced when Ca2+ was present as op-
posed to the condition in which Ca2+ was
omitted from the perfusion fluid and the
intracellular pools had been exhausted (14).

The influence of the cytosolic NAD+-
NADH redox potential on the effects of glu-
cagon on gluconeogenesis has been investi-
gated mainly by changing the lactate to pyru-
vate ratios. Besides being gluconeogenic
substrates, the compounds are rapidly inter-
converted by the near equilibrium enzyme
lactate dehydrogenase so that changes in the
lactate to pyruvate ratio also produce changes
in the cytosolic NAD+-NADH redox poten-
tial (15). By using this approach, several
investigators have shown that the stimulat-
ing action of glucagon on gluconeogenesis is
more pronounced at low (more negative or
reduced) NAD+-NADH potentials (2,16,17).
At high potentials the stimulating action of
glucagon may be either abolished or trans-
formed into inhibition.

Rashed and Patel (18), on the other hand,
have demonstrated that a link between Ca2+

movements induced by glucagon and the
cellular redox potential is likely to exist.
These investigators found that the glucagon-
stimulated Ca2+ efflux in the isolated per-
fused rat liver is dependent on the cellular
redox potential. Furthermore, it is well known
that both the intracellular Ca2+ concentra-
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tion/distribution and the redox potential of
the NAD+-NADH couple are parameters
which have in common the ability of influ-
encing the rate of mitochondrial respiration.
Gluconeogenesis is strictly dependent on
ATP generated within the mitochondria and,
for this reason, the increases in gluconeo-
genesis caused by glucagon are always
coupled to increases in oxygen uptake (19).
Therefore, one should expect reciprocal in-
fluences of Ca2+ and the NAD+-NADH re-
dox potential on gluconeogenesis stimula-
tion by glucagon. Exactly how these two
parameters affect the action of glucagon,
however, has not been investigated and the
present study represents an attempt to clarify
this question. The experimental system was
the isolated rat liver perfused with Krebs/
Henseleit-bicarbonate buffer. Gluconeogen-
esis was measured by simultaneously vary-
ing the cytosolic NAD+-NADH redox poten-
tial and the cellular Ca2+ content.

Material and Methods

Liver perfusion

Male albino Wistar rats weighing 180-
220 g and fed a standard laboratory diet
(Purina®, São Paulo, Brazil) ad libitum were
used. Food was withdrawn 24 h prior to the
liver perfusion experiments. For the surgical
procedure the rats were anesthetized by in-
traperitoneal injection of sodium pentobar-
bital (50 mg/kg). Hemoglobin-free, non-re-
circulating perfusion was performed. The
surgical technique of Scholz and Bücher
(20) was used. After cannulation of the por-
tal vein and the vena cava the liver was
positioned in a plexiglass chamber. The flow
was maintained constant with a peristaltic
pump. The perfusion fluid was Krebs/
Henseleit-bicarbonate buffer, pH 7.4, satu-
rated with a mixture of oxygen and carbon
dioxide (95:5) by means of a membrane
oxygenator with simultaneous temperature
adjustment at 37oC.

Ca2+-free perfusion

For Ca2+-free perfusion, the intracellular
Ca2+ pools were depleted. Livers were pre-
perfused with Ca2+-free Krebs/Henseleit-bi-
carbonate buffer containing 0.2 mM ethylene-
diamine tetraacetate (EDTA), 5 mM glucose,
1 mM lactate and 0.1 mM pyruvate. In order to
ensure maximal depletion of the intracellular
Ca2+ pools, phenylephrine (2 µM) was infused
repeatedly (3 times) for short periods of time
(2 min) at 5-min intervals. According to
Reinhart et al. (21), this procedure depletes the
intracellular Ca2+ pools which are normally
mobilized when hormones are infused.

Enzymatic assays

Samples of the effluent perfusion fluid
were collected according to the experimental
protocol and analyzed for metabolite content.
Glucose (22), L-lactate (23) and pyruvate (24)
were assayed by standard enzymatic proce-
dures. The oxygen concentration in the
outflowing perfusate was monitored continu-
ously using a teflon-shielded platinum elec-
trode adequately positioned in a plexiglass
chamber at the exit of the perfusate (25). Meta-
bolic rates were calculated from input-output
differences and the total flow rates and were
referred to the wet weight of the liver.

Material

The liver perfusion apparatus was built
in the workshops of the University of
Maringá. All enzymes and coenzymes used
in the enzymatic assays were purchased from
Sigma Chemical Co. (St. Louis, MO). Crys-
talline glucagon was purchased from Eli Lilly
do Brasil Ltda., diluted in Krebs/Henseleit-
bicarbonate buffer and stored at 4oC. All
chemicals were of the best available grade.

Statistical analysis

The statistical significance of the differ-
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ences between parameters was evaluated with
the Primer program, version 1.0 (MacGraw-
Hill). The Student t-test, the paired Student
t-test and the Student-Newman-Keuls test
were applied for data analysis, with the level
of significance set at P<0.05.

Results

Experimental protocol

The experimental protocol used in the
present study is illustrated in Figure 1. Livers
from 24-h fasted rats were perfused with
complete Krebs/Henseleit-bicarbonate buffer
(2.5 mM CaCl2). After oxygen uptake stabi-
lization, sampling of the effluent perfusate
was started and infusion of the gluconeogenic
substrates was initiated 10 min later. The
substrates were lactate and pyruvate infused
at a total concentration of 3.75 mM. The
lactate to pyruvate ratios, however, ranged
from 0.01 to 100. On the basis of the lactate
dehydrogenase equilibrium, changes of up
to 280 mV in the cytosolic NAD+-NADH
potential are expected (15). In the experi-
ment shown in Figure 1, the lactate to pyru-
vate ratio was equal to 10. The basal rates of
glucose production were very low. Upon
infusion of lactate plus pyruvate, glucose
production increased considerably and
reached a new steady state within the next 20
min. The introduction of glucagon increased
glucose production to a new steady state.
Oxygen uptake followed more or less the
same pattern. Pyruvate production showed a
maximum immediately after the beginning
of infusion, but at later times it also tended to
be stable.

Effect of Ca2+ on gluconeogenesis at different
lactate to pyruvate ratios

The behavior illustrated in Figure 1 can
be analyzed in terms of steady-state rates
and/or differences between steady states. The
first question that arises is about the rates of
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Figure 1 - Time course of the
effects of glucagon on glucose
production, oxygen uptake and
pyruvate production. Livers from
fasted rats were perfused with
Krebs/Henseleit-bicarbonate
buffer containing 2.5 mM CaCl2,
as described in Material and
Methods. Lactate plus pyruvate
(3.4 and 0.35 mM, respectively)
and glucagon (10 nM) were in-
fused as indicated by the hori-
zontal bars. Samples of the
outflowing perfusate were taken
at 2-min intervals and glucose
and pyruvate were measured en-
zymatically. Oxygen uptake was
followed polarographically. Each
data point represents the mean
of 3 liver perfusion experiments.
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Figure 2 - Gluconeogenesis in the rat liver as a function
of the lactate to pyruvate ratio in the presence (filled
circles) and absence (open circles) of Ca2+. Livers from
fasted rats were perfused as described in Material and
Methods. The experiments were performed according
to the experimental protocol illustrated in Figure 1.
The control experiments (filled circles) were performed
with Krebs/Henseleit-bicarbonate buffer containing 2.5
mM CaCl2. In the Ca2+-free experiments (open circles),
CaCl2 was omitted from the perfusion fluid and the
intracellular Ca2+ pools were previously exhausted by
repeated phenylephrine infusion in the presence of
0.2 mM EDTA. Initially substrate-free perfusion was
performed. The infusion of lactate and pyruvate was
initiated after oxygen uptake stabilization. The lactate
to pyruvate ratio was changed from 0.01 to 100, with a
total lactate plus pyruvate concentration of 3.75 mM.
Gluconeogenesis represents the final steady-state rate
of glucose release by the liver after 20 min of lactate +
pyruvate infusion. Each data point represents the mean
of 3 to 5 liver perfusion experiments. The vertical bars
represent the standard errors of the mean.
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glucose production in the presence and ab-
sence of Ca2+ at different cytosolic NAD+-
NADH potentials. Figure 2 provides an an-
swer to this question. In this figure the steady-
state rates of glucose production are plotted
against the lactate to pyruvate ratio. Two
series of experiments were performed, i.e.,
control experiments and the Ca2+-free ex-
periments. The latter were performed with
Ca2+-free Krebs/Henseleit-bicarbonate buffer
after depletion of intracellular Ca2+ by re-
peated phenylephrine infusions (see Mate-
rial and Methods). As shown in Figure 2,
gluconeogenesis presented relatively small
changes in the lactate to pyruvate ratio. For
lactate to pyruvate ratios of 0.1 to 100
gluconeogenesis was similar; at lactate/pyru-
vate ratios equal to 0.01, however, it was
significantly smaller (P<0.05, Student-
Newman-Keuls test). Ca2+-free perfusion also
had little influence on the rates of gluconeo-
genesis. The most pronounced difference
was found for a lactate/pyruvate ratio equal
to 0.1, with gluconeogenesis being 25% lower
in the absence of Ca2+. However, no system-
atic tendencies were apparent so that
one may conclude that Ca2+ is virtually
without effect on hepatic basal gluconeo-
genesis, irrespective of the cytosolic redox
potential.

Effect of Ca2+ on the increase in oxygen
uptake at different lactate to pyruvate ratios

In the perfused liver the infusion of lac-
tate plus pyruvate is always followed by
increases in oxygen uptake, which are pre-
sumed to occur in order to meet the in-
creased needs in ATP for gluconeogenesis.
In Figure 3 these oxygen uptake changes are
presented against the lactate to pyruvate ra-
tio for both the control experiments and the
Ca2+-free experiments. In the presence of
Ca2+ the increases in oxygen uptake were
similar for all lactate to pyruvate ratios ex-
cept for the ratio equal to 10, which caused a
significantly higher increase (P<0.05, Stu-

Figure 3 - Changes in oxygen
consumption in the rat liver upon
the infusion of lactate plus pyru-
vate at different ratios in the
presence (filled circles) and ab-
sence (open circles) of Ca2+. The
data are from the same experi-
ments as described in the leg-
end to Figure 1. Oxygen uptake
was followed polarographically.
The changes are the differences
between the new steady state
in the presence of lactate plus
pyruvate and the steady state
during substrate-free perfusion.
Each data point represents the
mean of 3 to 5 liver perfusion
experiments. The vertical bars
represent the standard errors of
the mean.
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dent-Newman-Keuls test). In the absence of
Ca2+ the changes in oxygen uptake were
similar to those observed for the controls at
low lactate to pyruvate ratios (up to 0.1).
With a lactate/pyruvate ratio between 1 and
100, however, oxygen uptake tended to re-
spond more intensely to substrate infusion
although a clear difference was only appar-
ent for a lactate/pyruvate ratio equal to 1.0.
Figure 3 reveals a relatively complex pat-
tern. However, it is apparent that Ca2+

has no positive effect on oxygen uptake in
the presence of gluconeogenic substrates
alone.

Influence of the lactate to pyruvate ratio
and Ca2+ on the effects of glucagon on
gluconeogenesis

Basal gluconeogenesis was barely af-
fected by the lactate to pyruvate ratio, as
shown above (Figure 2). The changes pro-
duced by glucagon, however, were closely
correlated with the lactate to pyruvate ratio,
as shown in Figure 4. In the presence of Ca2+,
glucagon had no effect at low lactate to
pyruvate ratios. As this ratio was increased,
however, the effects of glucagon increased
progressively. Actually the relationship was
clearly parabolic and it was indeed possible
to fit a parabola to the experimental data, as
described in the legend to Figure 4. The
correlation coefficient was 0.987. In the ab-
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sence of Ca2+, on the other hand, the rela-
tionship between the effects of glucagon and
the lactate to pyruvate ratios can be de-
scribed as a sigmoidal one. Low inhibition
was observed at low lactate/pyruvate values
(0.01 and 0.1) and stimulation was observed
beginning at a lactate/pyruvate ratio equal to
1.0. However, instead of increasing with the
subsequent increases in lactate/pyruvate, the
effects of glucagon reached a plateau. This
plateau was well below the increases pro-
duced by glucagon at lactate/pyruvate val-
ues of 10 and 100 and in the presence of
Ca2+. Therefore, in the absence of Ca2+ the
effects of glucagon are different and much
smaller at high lactate to pyruvate ratios.

Influence of the lactate to pyruvate ratio and
Ca2+ on the effects of glucagon on oxygen
uptake

The effects of glucagon on oxygen up-
take at different lactate to pyruvate ratios are
shown in Figure 5. In the presence of Ca2+,
the relationship between oxygen uptake in-
crease and the lactate/pyruvate ratio was
also clearly parabolic. Also in this case, a
parabola, described in the legend to the fig-
ure, could be fitted to the experimental data,
with a correlation coefficient of 0.99. Differ-
ent from gluconeogenesis, however, the ef-
fect of glucagon at a lactate/pyruvate ratio
equal to 0.01 was inhibitory even in the

Figure 4 - Changes in gluconeogenesis caused by glu-
cagon in the presence (filled circles) and absence (open
circles) of Ca2+ and at different cytosolic NAD+-NADH
redox potentials. Livers from fasted rats were perfused
as described in Material and Methods and as illustrated
in Figure 1. The changes in gluconeogenesis caused by
glucagon are the differences between the new steady
state in the presence of glucagon and the steady state
in the absence of glucagon. Each data point represents
the mean of 3 to 5 liver perfusion experiments. The
vertical bars represent the standard errors of the mean.
For the control curve (filled circles), the traced curve
corresponds to a parabolic regression line, optimized
by means of a least-squares procedure. The regression
line was y^ = 0.0245 - 0.0637x + 0.031x2, with x = log
(lactate/pyruvate x 103). The parabolic correlation coef-
ficient was 0.987.
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Figure 5 - Changes in oxygen uptake caused by gluca-
gon in the presence (filled circles) and absence (open
circles) of Ca2+ and at different cytosolic NAD+-NADH
redox potentials. The data are from the same experi-
ments as described in the legend to Figure 4. The
changes in oxygen uptake caused by glucagon are the
differences between the new steady state in the pres-
ence of glucagon and the steady state in the absence
of glucagon. Each data point represents the mean of 3
to 5 liver perfusion experiments. The vertical bars rep-
resent the standard errors of the mean. For the control
curve (filled circles), the traced line corresponds to a
parabolic regression line, optimized by means of a least-
squares procedure. The regression line was y^ = -0.116
+ 0.0267x + 0.0156x2, with x = log (lactate/pyruvate x
103). The parabolic correlation coefficient was 0.99.
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presence of Ca2+. This inhibition at low lac-
tate/pyruvate values was enhanced in the
absence of Ca2+. The absence of Ca2+ did not
abolish oxygen uptake stimulation at a lac-
tate/pyruvate ratio equal to 1.0. With further
increases in the lactate/pyruvate ratio, how-
ever, stimulation of oxygen uptake decreased
again in such a way that no significant stim-
ulation was apparent at a lactate/pyruvate
ratio equal to 100. Absence of Ca2+, there-
fore, also changes the effects of glucagon on
oxygen uptake in a way that depends on the
cytosolic NAD+-NADH redox potential.

Influence of Ca2+ on the effects of glucagon
on lactate or pyruvate production

Under our experimental conditions, the
liver presented net transformation of lactate
into pyruvate at high lactate/pyruvate val-
ues; conversely, at low lactate/pyruvate val-
ues, a net transformation of pyruvate into
lactate occurred. The former phenomenon
represents net consumption of reducing
equivalents by the liver, whereas the latter is
a measure of the reducing equivalents that
are lost by the liver. In livers from fasted rats
these reducing equivalents are likely to come
from the mitochondria and their production
and transport out of these organelles depend
on enzymes that are sensitive to both Ca2+

and glucagon. In order to analyze this possi-
bility, we evaluated the net lactate produc-
tions measured with inflowing lactate/pyru-
vate ratios equal to 0.01 and 0.1. Figure 6A
shows the results obtained in the control and
Ca2+-free experiments. Lactate production
was affected by both Ca2+ and glucagon.
When Ca2+ was absent, lactate release was
smaller and the effect was more pronounced
when the inflowing lactate to pyruvate ratio
was equal to 0.1. The introduction of gluca-
gon decreased lactate production both in the
presence and absence of Ca2+.

Evaluation of the net rates of pyruvate
production at lactate/pyruvate ratios equal to
10 and 100, as shown in Figure 6B, did not
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Figure 6 - Influence of glucagon and Ca2+ on lactate (A) and pyruvate (B) production. The
data were obtained from experiments performed according to the protocol illustrated in
Figure 1. Steady-state rates of lactate or pyruvate production in the presence of substrates
alone or substrates plus glucagon, corrected for the small basal rates (before substrate
infusion), are represented in addition to the corresponding mean standard errors (N = 3 to
5). The substrate concentrations were the following: lactate/pyruvate ratio = 0.01, 0.037
mM lactate and 3.71 mM pyruvate; lactate/pyruvate ratio = 0.1, 0.35 mM lactate and 3.4
mM pyruvate; lactate/pyruvate ratio = 10, 3.5 mM lactate and 0.35 mM pyruvate; lactate/
pyruvate ratio = 100, 3.71 mM lactate and 0.037 mM pyruvate. The P values refer to the
paired Student t-test, which was applied to test the significance of the changes produced
by glucagon. Lactate production in Ca2+-free perfusion (A) differed from the corresponding
controls: P = 0.035 for lactate/pyruvate equal to 0.01 and P = 0.015 for lactate/pyruvate
equal to 0.1 (Student t-test). No statistically significant differences were observed in the
case of pyruvate production (B) (i.e., P>0.05 in all cases).

Lactate/pyruvate = 10 Lactate/pyruvate = 100

P = 0.03

P = 0.015

P = 0.005
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reveal any clear effect of Ca2+ or glucagon.
At a lactate/pyruvate ratio equal to 10 there
was a tendency toward higher values in the
absence of Ca2+ as compared to the controls.
However, due to the high standard errors,
this tendency lacked statistical significance
at the 5% level.

Discussion

The results of the present study revealed
that, in the presence of Ca2+, stimulation of
gluconeogenesis by glucagon increases con-
tinuously with the lactate to pyruvate ratio in
the range of 0.01 to 100. This variation
means a cytosolic NAD+-NADH redox po-
tential range of approximately 280 mV (15).
In the absence of Ca2+ the maximal action of
glucagon was considerably reduced and
shifted to a lactate to pyruvate ratio around
unity. In the absence of Ca2+ and at lactate to
pyruvate ratios below unity the action of
glucagon on gluconeogenesis became even
negative (i.e., inhibitory). It should be em-
phasized that the basal rates (absence of
glucagon) of gluconeogenesis, but not of
oxygen uptake and lactate production, were
not affected by Ca2+ irrespective of the cyto-
solic NAD+-NADH potential. In the case of
gluconeogenesis sensitivity to Ca2+ is there-
fore restricted to the effects of glucagon.

Concerning the response of the gluco-
neogenic machinery to the cytosolic NAD+-
NADH redox potential, Clark and Jarrett
(16) showed that the hepatic cyclic phos-
phodiesterase is inhibited by NADH. Half-
maximal inhibition occurs at 20 µM NADH.
Other authors have reported that NADH also
inhibits adenylate cyclase (26,27). In this
case, the concentration for half-maximal in-
hibition is considerably higher, namely 3
mM (26). These observations may appear
contradictory, but, as commented by Rashed
and Patel (18), whether cAMP accumulates
in any given metabolic condition is ulti-
mately determined by the relative inhibition
of the cAMP synthesizing and metabolizing

enzymes. Since the intracellular cAMP con-
centration is higher at higher NADH to NAD+

ratios, it has been proposed that this might be
the main reason for the fact that glucagon
increases glucose production at high but not
at low lactate to pyruvate ratios (16,18).
Additionally, it should be noted that Rashed
and Patel (18) reported increased glucagon-
stimulated Ca2+ efflux when livers were per-
fused with lactate to pyruvate or ß-hydroxy-
butyrate to acetoacetate ratios similar to those
reported for livers of fed rats (usually be-
tween 5 and 10). Ca2+ movements induced
by glucagon thus seem to be favored under
reduced conditions.

Groen et al. (28) have shown that a de-
crease in the cytosolic NADH/NAD+ ratio
leads to an increase in phosphoenolpyruvate
concentration and thus to a stimulation of
the flux through the phosphoenolpyruvate/
pyruvate cycle. This cycle transports reduc-
ing equivalents from the mitochondria to the
cytosol, which are important for gluconeo-
genesis under oxidized conditions (low lac-
tate to pyruvate ratios). Glucagon inhibits
one of the enzymes of this cycle (pyruvate
kinase), a property that has been proposed to
be coresponsible for the inability of the hor-
mone to increase gluconeogenesis under
oxidized conditions (28). It should be added
that inhibition of pyruvate kinase is facili-
tated when Ca2+ is present (29). Pyruvate
kinase is not the only enzyme directly or
indirectly involved in gluconeogenesis that
is sensitive to Ca2+. At least the following
enzymes are known to be stimulated by Ca2+-
mediated mechanisms: a) Krebs cycle en-
zymes (13,30), b) pyruvate carboxylase (11),
c) phosphoenolpyruvate carboxykinase (31),
and d) several protein kinases (12).

Most probably, the experimental patterns
obtained in this study result from the inter-
play of the several factors that have been
listed and briefly commented upon above.
At low lactate to pyruvate ratios (low NADH
to NAD+ ratios), gluconeogenesis is not fa-
vored by at least three negative factors: a)
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reduced cAMP levels due to the higher phos-
phodiesterase activity relative to the adenyl-
ate cyclase activity (18,26), b) reduced Ca2+

movements so that respiration as well as the
activity of several key enzymes cannot be
increased (18), and c) insufficiency of re-
ducing power in the cytosol due to inhibition
of the phosphoenolpyruvate/pyruvate cycle
(28). In Ca2+-depleted livers perfused with
Ca2+-free medium and at low lactate to
pyuvate ratios the Ca2+ movements are prob-
ably completely absent. Even the transport
of residual Ca2+ is unlikely to become stimu-
lated due to the unfavorable conditions in
terms of the NADH to NAD+ ratios. The
impossibility of Ca2+ movements may prob-
ably have a strong negative effect on the
stimulation of several dehydrogenases (30),
making the reducing equivalents less avail-
able. This conclusion is corroborated by
the fact that lactate production from pyru-
vate, which represents a loss of reducing
equivalents for the cell, was inhibited by
glucagon.

As the NADH to NAD+ ratios are gradu-
ally elevated by the increasing lactate to
pyruvate ratios in the inflowing perfusate,
gluconeogenesis is gradually increased by a
number of positive events which are more or
less the opposite of those occurring at low
NADH to NAD+ ratios: a) cAMP accumu-
lates because of the lower phosphodiesterase
activity relative to the adenylate cyclase ac-
tivity (18,26), b) the Ca2+ movements are
increased so that mitochondrial respiration
as well as key enzymes can be adequately
stimulated (11,13,18,31), and c) the reduc-
ing equivalents are now readily available so
that an inhibition of pyruvate kinase even
favors gluconeogenesis (28). In Ca2+-de-
pleted livers perfused with Ca2+-free medi-
um, however, gluconeogenesis is limited by
the almost complete absence of Ca2+. Al-
though the high NADH to NAD+ ratios favor
Ca2+ transport, the residual amounts still

present in the hepatocytes and in the perfu-
sion fluid are evidently insufficient for full
stimulation of respiration and the other Ca2+-
dependent enzymes involved in gluconeo-
genesis. Oxygen uptake stimulation seems
to be especially limiting under these condi-
tions. As shown in Figure 5, in the absence
of Ca2+, oxygen uptake stimulation was maxi-
mal at a lactate to pyruvate ratio equal to one,
with a steady decline for subsequent increases
to 10 and 100. With lactate/pyruvate equal to
100 almost no stimulation of oxygen uptake
was observed. Gluconeogenesis, however,
was almost constant with inflowing lactate/
pyruvate between 1 and 100. Apparently,
under these specific conditions (Ca2+ nearly
absent but high NADH to NAD+ ratios) the
liver was priorizing gluconeogenesis stimu-
lation by glucagon as much as possible. In
this respect, one should recall that in the
presence of Ca2+ both gluconeogenesis and
oxygen uptake stimulation showed the same
dependence on the lactate to pyruvate ratio,
i.e., the glucose production/extra oxygen
consumption ratio was more or less con-
stant. This suggests a good coordination be-
tween gluconeogenesis and oxygen uptake
in the presence of Ca2+, but not in its ab-
sence.

Thus, in general terms, it is possible to
explain the results obtained in this study in
terms of the preexisting literature data. Nev-
ertheless, there are also several details that
remain obscure. For example, at low lactate
to pyruvate ratios glucagon inhibited gluco-
neogenesis in the absence of Ca2+. This phe-
nomenon, which was associated with inhibi-
tion of oxygen uptake, is difficult to explain
with the available data. It is also difficult to
explain the reasons for the sharp transition
between inhibition and stimulation of gluco-
neogenesis and oxygen uptake when the lac-
tate to pyruvate ratio was increased from 0.1
to 1.0 in the absence of Ca2+. In the presence
of Ca2+ no such sharp transitions were found.



836

Braz J Med Biol Res 30(7) 1997

A.C. Marques-da-Silva et al.

References

1. Kraus-Friedmann N & Feng L (1996). The
role of intracellular Ca2+ in the regulation
of gluconeogenesis. Metabolism, 45: 389-
403.

2. Sistare FD & Haynes Jr RC (1986). The
interaction between the cytosolic pyridine
nucleotide redox potential and gluconeo-
genesis from lactate/pyruvate in isolated
rat hepatocytes. Journal of Biological
Chemistry, 260: 12748-12753.

3. Friedmann N & Park CR (1968). Early ef-
fects of 3’-5’ adenosine monophosphate
on the fluxes of calcium and potassium in
the perfused liver from normal and adre-
nalectomized rats. Proceedings of the Na-
tional Academy of Sciences, USA, 61:
504-508.

4. Keppens S, Vandenheede JR & DeWulf H
(1977). On the role of calcium as second
messenger in liver for the hormonally in-
duced activation of glycogen phosphoryl-
ase. Biochimica et Biophysica Acta, 496:
448-457.

5. Blackmore PF, Waynick LE, Blackman GE,
Graham CW & Sherry RS (1984). α- and ß-
Adrenergic stimulation of parenchymal
cell Ca2+ influx. Journal of Biological
Chemistry, 259: 12322-12325.

6. Altin JG & Bygrave FL (1986). Synergistic
stimulation of Ca2+ uptake by glucagon
and Ca2+-mobilizing hormones in the per-
fused liver. Biochemical Journal, 238: 653-
661.

7. Mauger JP, Poggioli J & Claret M (1985).
Synergistic stimulation of the Ca2+ influx
in rat hepatocytes by glucagon and the
Ca2+-linked hormones vasopressin and
angiotensin II. Journal of Biological Chem-
istry, 260: 11635-11642.

8. Bygrave FL, Gamberucci A, Fulceri R &
Benedetti A (1993). Evidence that stimu-
lation of plasma membrane inflow is an
early action of glucagon and dibutyryl cy-
clic-AMP in rat hepatocytes. Biochemical
Journal, 292: 19-22.

9. Staddon JM & Hansford RG (1989). Evi-
dence indicating that the glucagon-in-
duced increase in cytoplasmic-free Ca2+

concentration in hepatocytes is mediated
by an increase in cyclic-AMP concentra-
tion. European Journal of Biochemistry,
179: 47-52.

10. Mine T, Kojima I & Ogata E (1988). Evi-
dence of cyclic-AMP-independent action
of glucagon on calcium mobilization in rat
hepatocytes. Biochimica et Biophysica
Acta, 970: 166-171.

11. Walajtys-Rhode E, Zapatero J, Moehren
G & Hoek JB (1992). The role of the ma-
trix calcium level in the enhancement of
mitochondrial pyruvate carboxylation by
glucagon pretreatment. Journal of Biologi-
cal Chemistry, 267: 370-379.

12. Mieskes G, Kuduz J & Söling HD (1987).
Are calcium-dependent protein kinases
involved in the regulation of glycolytic/
gluconeogenetic enzymes? European
Journal of Biochemistry, 167: 383-389.

13. Quinlan PT & Halestrap AP (1986). The
mechanism of the hormonal activation of
respiration in isolated hepatocytes and its
importance in the regulation of gluconeo-
genesis. Biochemical Journal, 236: 789-
800.

14. Kraus-Friedmann N (1986). Glucagon-
stimulated respiration and intracellular
Ca2+. FEBS Letters, 201: 133-136.

15. Sies H (1982). Nicotinamide nucleotide
compartmentation. In: Sies H (Editor),
Metabolic Compartmentation. Academic
Press, New York, 205-231.

16. Clark MG & Jarrett IG (1978). Responsive-
ness to glucagon by isolated rat hepato-
cytes controlled by the redox state of the
cytosolic nicotinamide-adenine dinucle-
otide couple acting on adenosine 3’:5’-
cyclic monophosphate phosphodiester-
ase. Biochemical Journal, 176: 805-816.

17. Patel TB & Olson MS (1986). Regulation
of gluconeogenesis from pyruvate and lac-
tate in the isolated perfused rat liver. Bio-
chimica et Biophysica Acta, 888: 316-324.

18. Rashed HM & Patel TB (1987). Glucagon-
stimulated calcium efflux in the isolated
perfused rat liver is dependent on cellular
redox potential. Journal of Biological
Chemistry, 262: 15953-15958.

19. Constantin J, Ishii-Iwamoto E, Suzuki-
Kemmelmeier F & Bracht A (1994). Zona-
tion of the action of glucagon on gluco-
neogenesis studied in the bivascularly
perfused rat liver. FEBS Letters, 352: 24-
26.

20. Scholz R & Bücher T (1965). Hemoglobin-
free perfusion of rat liver. In: Chance B,
Estabrook RW & Williamson JR (Editors),
Control of Energy Metabolism. Academic
Press, New York, 393-414.

21. Reinhart PH, Taylor WM & Bygrave FL
(1982). Calcium ion fluxes induced by the
action of α-adrenergic agonists in per-
fused rat liver. Biochemical Journal, 208:
619-630.

22. Bergmeyer HU & Bernt E (1974). Glucose
determination with glucose oxidase and
peroxidase. In: Bergmeyer HU (Editor),
Methods of Enzymatic Analysis. Academ-
ic Press, New York, 1205-1215.

23. Gutman I & Wahlefeld AW (1974). (+)Lac-
tate determination with lactate dehydro-
genase and NAD+. In: Bergmeyer HU (Edi-
tor), Methods of Enzymatic Analysis. Aca-
demic Press, New York, 1464-1468.

24. Czok R & Lamprecht W (1974). Pyruvate,
phosphoenolpyruvate and glycerate-2-
phosphate. In: Bergmeyer HU (Editor),
Methods of Enzymatic Analysis. Academ-
ic Press, New York, 1446-1451.

25. Kelmer-Bracht AM, Ishii EL, Andrade PVM
& Bracht A (1984). Construction of a liver
perfusion apparatus for studies on meta-
bolic regulation and mechanisms of drug
action. Arquivos de Biologia e Tecnologia,
27: 419-438.

26. Löw H & Werner S (1976). Effects of re-
ducing and oxidizing agents on the aden-
ylate cyclase activity in adipocyte plasma
membranes. FEBS Letters, 65: 96-98.

27. Zederman R, Löw H & Hall K (1977). Ef-
fect of ethanol and lactate on the basal
and glucagon-activated cyclic AMP forma-
tion in isolated hepatocytes. FEBS Let-
ters, 75: 291-294.

28. Groen AK, van Roermund CWT, Vervoorn
RC & Tager JM (1986). Control of gluco-
neogenesis in rat liver cells. Biochemical
Journal, 237: 379-389.

29. Schworer CM, El-Maghrabi MR, Pilkis SJ
& Soderling TR (1985). Phosphorylation of
L-type pyruvate kinase by a Ca2+/calmod-
ulin dependent protein kinase. Journal of
Biological Chemistry, 260: 13018-13022.

30. McCormack JG (1985). Studies on the ac-
tivation of rat liver pyruvate dehydrogen-
ase and 2-oxoglutarate dehydrogenase by
adrenaline and glucagon. Biochemical
Journal, 231: 597-608.

31. Deaciuc IV, D’Souza NB & Miller HI (1992).
A novel mechanism for Ca2+ dependent
regulation of hepatic gluconeogenesis:
Stimulation of mitochondrial phospho-
enolpyruvate synthesis by Ca2+. Interna-
tional Journal of Biochemistry, 24: 129-
132.


