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Abstract

The influence of C& on hepatic gluconeogenesis was measured in tkiey words

isolated perfused rat liver at different cytosolic NARADH poten-

- Rat liver perfusion

tials. Lactate and pyruvate were the gluconeogenic substrates and fhlecagon _
cytosolic NAD-NADH potentials were changed by varying the lac* G'gioneoge”es's
tate to pyruvate ratios from 0.01 to 100. The following results weré?

obtained: a) gluconeogenesis from lactate plus pyruvate was hgﬁtentm

affected by Ca-free perfusion (no Cain the perfusion fluid com-
bined with previous depletion of the intracellular pools); gluconeo-

D*-NADH redox

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 &ahe increase in oxygen uptake caused
by the infusion of lactate plus pyruvate at a ratio equal to 10 was the
most pronounced one; in €dree 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

Ca&* 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 CGa 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 whéimw@e present.

e) The effects of glucagon on oxygen uptake in the presencéof Ca
showed a parabolic relationship with the lactate to pyruvate ratios
which was closely similar to that found in the caggiuafoneogeesis;
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the only difference was that inhibition ratheris followed by an increase in the cytosolic
than stimulation of oxygen uptake was obCa&* concentration (9,10). Since every hor-
served for a lactate to pyruvate ratio equal tmone that increases gluconeogenesis evokes
0.01; progressive stimulation was observedhanges in Ca fluxes it is generally be-

in the 0.1 to 100 range. f) In the absence dfeved that the action of glucagon on gluco-
Ca**the effects of glucagon on oxygen up-heogenesis is also dependent, atleastto some
take were different; the dependence curvextent, on C&. In fact, it was demonstrated
was sigmoidal at the onset, with a wellthat several gluconeogenic key enzymes such
defined maximum at a lactate to pyruvatas pyruvate carboxylase (11) and protein
ratio equal to 1; this maximum was followedkinases (12) are stimulated by2CaAddi-

by a steady decline at higher ratios; at thgonally, gluconeogenesis is an energy-de-
ratios of 0.01 and 0.1 inhibition took place;pendent process and several respiratory en-
oxygen uptake stimulation caused by glucazymes are sensitive to €413). It was in-
gon was generally lower in the absence adeed demonstrated in the perfused liver that
Ca* except when the lactate to pyruvatehe effects of suboptimal glucagon concen-
ratio was equal to 1. The results of the pregrations on oxygen consumption were more
ent study demonstrate that stimulation opronounced when Gawas present as op-
gluconeogenesis by glucagon depends geosed to the condition in which €avas
Ca*. However, C& is only effective in omitted from the perfusion fluid and the
helping gluconeogenesis stimulation by gluintracellular pools had been exhausted (14).
cagon at highly negative redox potentials of The influence of the cytosolic NAD

the cytosolic NAD-NADH system. The NADH redox potential on the effects of glu-
triple interdependence of glucagon2€a cagon on gluconeogenesis has been investi-
NAD*-NADH redox potential reveals highly gated mainly by changing the lactate to pyru-
complex interrelations that can only be parvate ratios. Besides being gluconeogenic
tially understood at the present stage ddubstrates, the compounds are rapidly inter-

knowledge. converted by the near equilibrium enzyme
lactate dehydrogenase so that changes in the
Introduction lactate to pyruvate ratio also produce changes

in the cytosolic NAD-NADH redox poten-

Although primarily mediated by cAMP, tial (15). By using this approach, several
the action of glucagon on hepatic metabonvestigators have shown that the stimulat-
lism can be influenced by several factors. ling action of glucagon on gluconeogenesis is
the specific case of gluconeogenesis themore pronounced at low (more negative or
are two factors that seem to be of strikingeduced) NAD-NADH potentials (2,16,17).
importance: a) the intracellular concentraAt high potentials the stimulating action of
tion and distribution of C4 (1) and b) the glucagon may be either abolished or trans-
redox state of the NABNADH couple (2). formed into inhibition.

Friedmann and Park (3) showed that glu- Rashed and Patel (18), on the other hand,
cagon administration to the perfused livehave demonstrated that a link betweef*Ca
causes the release of previously accumumovements induced by glucagon and the
lated C&'". Subsequently, itwas demonstratedellular redox potential is likely to exist.
that glucagon, as well as 3-adrenergic agenfBhese investigators found that the glucagon-
are able to induce Gainflux (4-8). As a stimulated C& efflux in the isolated per-
consequence of these€movements, i.e., fused rat liver is dependent on the cellular
influx and release from the intracellular poolsredox potential. Furthermore, itis well known
administration of glucagon to the liver cellsthat both the intracellular €aconcentra-
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tion/distribution and the redox potential ofCa?*-free perfusion

the NAD-NADH couple are parameters

which have in common the ability of influ-  For C&*-free perfusion, the intracellular
encing the rate of mitochondrial respirationCa* pools were depleted. Livers were pre-
Gluconeogenesis is strictly dependent operfused with Cd-free Krebs/Henseleit-bi-
ATP generated within the mitochondria andgcarbonate buffer containing 0.2 mM ethylene-
for this reason, the increases in gluconedadiamine tetraacetate (EDTA), 5 mM glucose,
genesis caused by glucagon are alwaylsmM lactate and 0.1 mM pyruvate. In order to
coupled to increases in oxygen uptake (19gnsure maximal depletion of the intracellular
Therefore, one should expect reciprocal in€a* pools, phenylephrine (2 uM) was infused
fluences of C& and the NAD-NADH re- repeatedly (3 times) for short periods of time
dox potential on gluconeogenesis stimula¢2 min) at 5-min intervals. According to
tion by glucagon. Exactly how these twoReinhart etal. (21), this procedure depletes the
parameters affect the action of glucagonintracellular C& pools which are normally
however, has not been investigated and thmaobilized when hormones are infused.
present study represents an attempt to clarify

this question. The experimental system waknzymatic assays

the isolated rat liver perfused with Krebs/

Henseleit-bicarbonate buffer. Gluconeogen- Samples of the effluent perfusion fluid
esis was measured by simultaneously varyvere collected according to the experimental
ing the cytosolic NAD-NADH redox poten- protocol and analyzed for metabolite content.

tial and the cellular Cacontent. Glucose (22), L-lactate (23) and pyruvate (24)
were assayed by standard enzymatic proce-

Material and Methods dures. The oxygen concentration in the
outflowing perfusate was monitored continu-

Liver perfusion ously using a teflon-shielded platinum elec-

trode adequately positioned in a plexiglass

Male albino Wistar rats weighing 180- chamber at the exit of the perfusate (25). Meta-
220 g and fed a standard laboratory didbolic rates were calculated from input-output
(Purin®, Séo Paulo, Brazig§d libitumwere differences and the total flow rates and were
used. Food was withdrawn 24 h prior to theeferred to the wet weight of the liver.
liver perfusion experiments. For the surgical
procedure the rats were anesthetized by imaterial
traperitoneal injection of sodium pentobar-
bital (50 mg/kg). Hemoglobin-free, non-re-  The liver perfusion apparatus was built
circulating perfusion was performed. Thein the workshops of the University of
surgical technique of Scholz and BicheMaringa. All enzymes and coenzymes used
(20) was used. After cannulation of the porin the enzymatic assays were purchased from
tal vein and the vena cava the liver wasigma Chemical Co. (St. Louis, MO). Crys-
positioned in a plexiglass chamber. The flowalline glucagon was purchased from Eli Lilly
was maintained constant with a peristalticlo Brasil Ltda., diluted in Krebs/Henseleit-
pump. The perfusion fluid was Krebs/bicarbonate buffer and stored C4 All
Henseleit-bicarbonate buffer, pH 7.4, satuehemicals were of the best available grade.
rated with a mixture of oxygen and carbon
dioxide (95:5) by means of a membranetatistical analysis
oxygenator with simultaneous temperature
adjustment at 3. The statistical significance of the differ-
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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 CaCly,
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 Ca?+. 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 CaCl,. In the Ca%*-free experiments (open circles),
CaCl, 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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ences between parameters was evaluated with
the Primer program, version 1.0 (MacGraw-
Hill). The Student-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 CaC)). 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 NABDNADH
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 Ca?* 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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glucose production in the presence and ab-

sence of C& at different cytosolic NAD- }’z:

NADH potentials. Figure 2 provides an an- 207 N

swer to this question. In this figure the steady- £ 0:6 /f\\*i
state rates of glucose production are plottedg05 &~ // AN
against the lactate to pyruvate ratio. Two §O'4 F\\\\Y_T—( \\1
series of experiments were performed, i.e., §

control experiments and the Cdree ex- §0°

periments. The latter were performed with 502 [eere

Ce?*-free Krebs/Henseleit-bicarbonate buffer £*' | =5

after depletion of intracellular €aby re- TS 107 100 10' 102

peated phenylephrine infusions (see Mate-
rial and Methods). As shown in Figure 2,

Lactate/pyruvate in the inflowing perfusate
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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

gluconeogenesis presented relatively small experiments. The vertical bars

changes in the lactate to pyruvate ratio. Fatent-Newman-Keuls test). In the absence g
lactate to pyruvate ratios of 0.1 to 100C&* the changes in oxygen uptake were
gluconeogenesis was similar; at lactate/pyrusimilar to those observed for the controls at
vate ratios equal to 0.01, however, it watow lactate to pyruvate ratios (up to 0.1).
significantly smaller (P<0.05, Student-With a lactate/pyruvate ratio between 1 and
Newman-Keuls test). Cafree perfusionalso 100, however, oxygen uptake tended to re-
had little influence on the rates of gluconeospond more intensely to substrate infusion
genesis. The most pronounced differencalthough a clear difference was only appar-
was found for a lactate/pyruvate ratio equagnt for a lactate/pyruvate ratio equal to 1.0.
to 0.1, with gluconeogenesis being 25% loweFigure 3 reveals a relatively complex pat-
in the absence of €aHowever, no system- tern. However, it is apparent that Ta
atic tendencies were apparent so thdtas no positive effect on oxygen uptake in
one may conclude that €ais virtually the presence of gluconeogenic substrates
without effect on hepatic basal gluconeoalone.
genesis, irrespective of the cytosolic redox
potential. Influence of the lactate to pyruvate ratio
and Ca?* on the effects of glucagon on
Effect of CaZ* on the increase in oxygen gluconeogenesis
uptake at different lactate to pyruvate ratios
Basal gluconeogenesis was barely af-

In the perfused liver the infusion of lac-fected by the lactate to pyruvate ratio, as
tate plus pyruvate is always followed byshown above (Figure 2). The changes pro-
increases in oxygen uptake, which are preduced by glucagon, however, were closely
sumed to occur in order to meet the in€orrelated with the lactate to pyruvate ratio,
creased needs in ATP for gluconeogenesias shown in Figure 4. Inthe presence ¢fCa
In Figure 3 these oxygen uptake changes aghucagon had no effect at low lactate to
presented against the lactate to pyruvate rpyruvate ratios. As this ratio was increased,
tio for both the control experiments and thdnowever, the effects of glucagon increased
Ca*-free experiments. In the presence oprogressively. Actually the relationship was
Ca* the increases in oxygen uptake werelearly parabolic and it was indeed possible
similar for all lactate to pyruvate ratios ex-to fit a parabola to the experimental data, as
cept for the ratio equal to 10, which caused described in the legend to Figure 4. The
significantly higher increase (P<0.05, Stu-correlation coefficient was 0.987. In the ab-

?present the standard errors of
e mean.
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Figure 4 - Changes in gluconeogenesis caused by glu-

05 cagon in the presence (filled circles) and absence (open
z circles) of CaZ* and at different cytosolic NAD+-NADH
§ 0.4 +Ca?* redox potentials. Livers from fasted rats were perfused
5 g \ as described in Material and Methods and as illustrated
27 03 in Figure 1. The changes in gluconeogenesis caused by
2¢ glucagon are the differences between the new steady
%E 0.2 d state in the presence of glucagon and the steady state
§ ? in the absence of glucagon. Each data point represents
5801 the mean of 3 to 5 liver perfusion experiments. The
g S b4 vertical bars represent the standard errors of the mean.
%E’ 0 _L / For the control curve (filled circles), the traced curve
2 ?J/—/Q/ -Ca2+ corresponds to a parabolic regression line, optimized
° o1 by means of a least-squares procedure. The regression
line was ¥ = 0.0245 - 0.0637x + 0.031x2, with x = log
102 10 100 10! 102 (lactate/pyruvate x 103). The parabolic correlation coef-
Lactate/pyruvate in the inflowing perfusate ficient was 0.987.
Figure 5 - Changes in oxygen uptake caused by gluca-
oz 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-

o
w

o
N

glucagon (umol min-1 g-1)
o

Change in oxygen uptake caused by

0 resent the standard errors of the mean. For the control
curve (filled circles), the traced line corresponds to a

0.1 parabolic regression line, optimized by means of a least-
squares procedure. The regression line wasy =-0.116

02 102 701 100 701 102 +0.0267x + 0.0156x2, with x = log (lactate/pyruvate x

Lactate/pyruvate in the inflowing perfusate 103). The parabolic correlation coefficient was 0.99.

sence of C%, on the other hand, the rela-Influence of the lactate to pyruvate ratio and
tionship between the effects of glucagon anda2+ on the effects of glucagon on oxygen

the lactate to pyruvate ratios can be dasptake

scribed as a sigmoidal one. Low inhibition

was observed at low lactate/pyruvate values The effects of glucagon on oxygen up-
(0.01 and 0.1) and stimulation was observetéke at different lactate to pyruvate ratios are
beginning at a lactate/pyruvate ratio equal tehown in Figure 5. In the presence of‘Ca
1.0. However, instead of increasing with thehe relationship between oxygen uptake in-
subsequentincreases in lactate/pyruvate, ticeease and the lactate/pyruvate ratio was
effects of glucagon reached a plateau. Thalso clearly parabolic. Also in this case, a
plateau was well below the increases prgparabola, described in the legend to the fig-
duced by glucagon at lactate/pyruvate valdre, could be fitted to the experimental data,
ues of 10 and 100 and in the presence @fith a correlation coefficient of 0.99. Differ-
C&*. Therefore, in the absence of?’€Cthe ent from gluconeogenesis, however, the ef-
effects of glucagon are different and muchiect of glucagon at a lactate/pyruvate ratio
smaller at high lactate to pyruvate ratios. equal to 0.01 was inhibitory even in the
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presence of Ca This inhibition at low lac-

tate/pyruvate values was enhanced in the . T _0015

absence of Ca The absence of €adid not 2.0 T’ '

abolish oxygen uptake stimulation at a lac- 4

tate/pyruvate ratio equal to 1.0. With further

increases in the lactate/pyruvate ratio, how- - Tpooo0a |

ever, stimulation of oxygen uptake decreasedc 1.4 - - T T

again in such a way that no significant stim- 72 . - 0005

ulation was apparent at a lactate/pyruvate = T T

ratio equal to 100. Absence of Cahere- § 1.0

fore, also changes the effects of glucagon on8 5 _ T

oxygen uptake in a way that depends on theg o . o

cytosolic NAD-NADH redox potential. § 06 % ;-: § §> ;.; % % g

Influence of Ca?* on the effects of glucagon 0s ] . - |+ . - C o+

on lactate or pyruvate production ' s 3 f“; % & 8 % f‘)"
04 + =F L l + + L '

Under our experimental Conditions, the Lactate/pyruvate = 0.01 | Lactate/pyruvate = 0.1

liver presented net transformation of lactate B

into pyruvate at high lactate/pyruvate val-

ues; conversely, at low lactate/pyruvate val-  *’ ]

ues, a net transformation of pyruvate into T

lactate occurred. The former phenomenon ©6- T

represents net consumption of reducing _

equivalents by the liver, whereas the latter is - 20 T

a measure of the reducing equivalents that § T T

are lost by the liver. In livers from fasted rats §0,4_

these reducing equivalents are likely to come é T

from the mitochondria and their production g 034

and transport out of these organelles depend=

on enzymes that are sensitive to bot#*Ca  § | £ s B s s o

and glucagon. In order to analyze this possi- & g 8 S % g g S ;-;

bility, we evaluated the net lactate produc- 3 © s 2 3 o SN 2

tions measured with inflowing lactate/pyru- | B . B = =

vate ratios equal to 0.01 and 0.1. Figure 6A 8 S s 3 8 & 8 3

shows the results obtained in the controland ~ °~ — — i e —

| Lactate/pyruvate = 10 | | Lactate/pyruvate = 100 |

Ca*free experiments. Lactate production
was affected by both €aand glucagon. Figure 6 - Influence of glucagon and Ca2* on lactate (A) and pyruvate (B) production. The

When Ca* was absent lactate release Wagata were obtained from experiments performed according to the protocol illustrated in
ure 1. Steady-state rates of lactate or pyruvate production in the presence of substrates

smaller and the effect was more pronouncefﬂfjne or substrates plus glucagon, corrected for the small basal rates (before substrate
when the |an0W|ng lactate to pyruvate rat|0|nfu3|on) are represented in addition to the corresponding mean standard errors (N = 3 to
The substrate concentrations were the following: lactate/pyruvate ratio = 0.01, 0.037

was equal to 0.1. The introduction of glucaml\/l lactate and 3.71 mM pyruvate; lactate/pyruvate ratio = 0.1, 0.35 mM lactate and 3.4
gon decreased lactate production both in theM pyruvate; lactate/pyruvate ratio = 10, 3.6 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

presence and absence ofCa paired Student t-test, which was applied to test the significance of the changes produced

Evaluation of the net rates of pyruvateby glucagon. Lactate production in Ca>*free perfusion (A) differed from the corresponding

ontrols: P = 0.035 for lactate/pyruvate equal to 0.01 and P = 0.015 for lactate/pyruvate
prOdUCtlon at IaCtate/pyruvate ratios equal t@qual to 0.1 (Student ttest). No statistically significant differences were observed in the

10 and 100, as shown in Flgure 6B, did nodase of pyruvate production (B) (i.e., P>0.05 in all cases).

Braz J Med Biol Res 30(7) 1997
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reveal any clear effect of €zor glucagon. enzymes. Since the intracellular cAMP con-
At a lactate/pyruvate ratio equal to 10 thereentration is higher at higher NADH to NAD
was a tendency toward higher values in theatios, it has been proposed that this might be
absence of Caas compared to the controls.the main reason for the fact that glucagon
However, due to the high standard errorsncreases glucose production at high but not
this tendency lacked statistical significancat low lactate to pyruvate ratios (16,18).

at the 5% level. Additionally, it should be noted that Rashed
and Patel (18) reported increased glucagon-
Discussion stimulated C# efflux when livers were per-

fused with lactate to pyruvate or R-hydroxy-

The results of the present study revealelutyrate to acetoacetate ratios similar to those
that, in the presence of €astimulation of reported for livers of fed rats (usually be-
gluconeogenesis by glucagon increases cotween 5 and 10). Gamovements induced
tinuously with the lactate to pyruvate ratio inby glucagon thuseem to be favored under
the range of 0.01 to 100. This variatiorreduced conditions.
means a cytosolic NABNADH redox po- Groen et al(28) have shown that a de-
tential range of approximately 280 mV (15).crease in the cytosolic NADH/NADratio
In the absence of @athe maximal action of leads to an increase in phosphoenolpyruvate
glucagon was considerably reduced andoncentration and thus to a stimulation of
shifted to a lactate to pyruvate ratio aroundhe flux through the phosphoenolpyruvate/
unity. In the absence of €and at lactate to pyruvate cycle. This cycle transports reduc-
pyruvate ratios below unity the action ofing equivalents from the mitochondria to the
glucagon on gluconeogenesis became evegtosol, which are important for gluconeo-
negative (i.e., inhibitory). It should be em-genesis under oxidized conditions (low lac-
phasized that the basal rates (absence fefte to pyruvate ratios). Glucagon inhibits
glucagon) of gluconeogenesis, but not obne of the enzymes of this cycle (pyruvate
oxygen uptake and lactate production, werkinase), a property that has been proposed to
not affected by Cairrespective of the cyto- be coresponsible for the inability of the hor-
solic NAD*-NADH potential. In the case of mone to increase gluconeogenesis under
gluconeogenesis sensitivity to i there- oxidized conditions (28). It should be added
fore restricted to the effects of glucagon. that inhibition of pyruvate kinase is facili-

Concerning the response of the glucotated when Cais present (29). Pyruvate
neogenic machinery to the cytosolic NAD kinase is not the only enzyme directly or
NADH redox potential, Clark and Jarrettindirectly involved in gluconeogenesis that
(16) showed that the hepatic cyclic phosis sensitive to Ca. At least the following
phodiesterase is inhibited by NADH. Half-enzymes are known to be stimulated by*Ca
maximal inhibition occurs at 20 uyM NADH. mediated mechanisms: a) Krebs cycle en-
Other authors have reported that NADH alsaymes (13,30), b) pyruvate carboxylase (11),
inhibits adenylate cyclase (26,27). In thisc) phosphoenolpyruvate carboxykinase (31),
case, the concentration for half-maximal inand d) several protein kinases (12).
hibition is considerably higher, namely 3 Most probably, the experimental patterns
mM (26). These observations may appeasbtained in this study result from the inter-
contradictory, but, as commented by Rashegplay of the several factors that have been
and Patel (18), whether cAMP accumulatebsted and briefly commented upon above.
in any given metabolic condition is ulti- At low lactate to pyruvate ratios (low NADH
mately determined by the relative inhibitionto NAD* ratios), gluconeogenesis is not fa-
of the cAMP synthesizing and metabolizingvored by at least three negative factors: a)
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reduced cAMP levels due to the higher phogresent in the hepatocytes and in the perfu-
phodiesterase activity relative to the adenylsion fluid are evidently insufficient for full
ate cyclase activity (18,26), b) reducedCa stimulation of respiration and the othe€a
movements so that respiration as well as thdependent enzymes involved in gluconeo-
activity of several key enzymes cannot bgenesis. Oxygen uptake stimulation seems
increased (18), and c) insufficiency of reto be especially limiting under these condi-
ducing power in the cytosol due to inhibitiontions. As shown in Figure 5, in the absence
of the phosphoenolpyruvate/pyruvate cyclef Ca*, oxygen uptake stimulation was maxi-
(28). In Céa*depleted livers perfused with mal at a lactate to pyruvate ratio equal to one,
Ca*free medium and at low lactate towith a steady decline for subsequentincreases
pyuvate ratios the Gamovements are prob- to 10 and 100. With lactate/pyruvate equal to
ably completely absent. Even the transport00 almost no stimulation of oxygen uptake
of residual C#& is unlikely to become stimu- was observed. Gluconeogenesis, however,
lated due to the unfavorable conditions irwas almost constant with inflowing lactate/
terms of the NADH to NADratios. The pyruvate between 1 and 100. Apparently,
impossibility of C&" movements may prob- under these specific conditions Caearly
ably have a strong negative effect on thabsent but high NADH to NADratios) the
stimulation of several dehydrogenases (30)iver was priorizing gluconeogenesis stimu-
making the reducing equivalents less availlation by glucagon as much as possible. In
able. This conclusion is corroborated bythis respect, one should recall that in the
the fact that lactate production from pyru-presence of Caboth gluconeogenesis and
vate, which represents a loss of reducingxygen uptake stimulation showed the same
equivalents for the cell, was inhibited bydependence on the lactate to pyruvate ratio,
glucagon. i.e., the glucose production/extra oxygen
As the NADH to NAD ratios are gradu- consumption ratio was more or less con-
ally elevated by the increasing lactate tetant. This suggests a good coordination be-
pyruvate ratios in the inflowing perfusate,tween gluconeogenesis and oxygen uptake
gluconeogenesis is gradually increased byia the presence of €a but not in its ab-
number of positive events which are more osence.
less the opposite of those occurring at low Thus, in general terms, it is possible to
NADH to NAD" ratios: a) CAMP accumu- explain the results obtained in this study in
lates because of the lower phosphodiesteraterms of the preexisting literature data. Nev-
activity relative to the adenylate cyclase acertheless, there are also several details that
tivity (18,26), b) the C& movements are remain obscure. For example, at low lactate
increased so that mitochondrial respiratioto pyruvate ratios glucagon inhibited gluco-
as well as key enzymes can be adequatehgogenesis in the absence ot Ca@his phe-
stimulated (11,13,18,31), and c) the redua@omenon, which was associated with inhibi-
ing equivalents are now readily available sdion of oxygen uptake, is difficult to explain
that an inhibition of pyruvate kinase evernwith the available data. It is also difficult to
favors gluconeogenesis (28). In &&de- explain the reasons for the sharp transition
pleted livers perfused with €afree medi- between inhibition and stimulation of gluco-
um, however, gluconeogenesis is limited byyeogenesis and oxygen uptake when the lac-
the almost complete absence ofPCa&\l- tate to pyruvate ratio was increased from 0.1
though the high NADH to NADPratios favor to 1.0 in the absence of €aln the presence
Ca&* transport, the residual amounts stillof Ca&*no such sharp transitions were found.
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