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The role of extracellular
Ca2+ in the regulation
of
norepinephrine
and glucagon
stimulation
of gluconeogenesis was examined
in isolated
rat hepatocytes
prepared and incubated
in a medium
containing
no added
Ca’+. Added Ca2+ was required
for hormonal
stimulation of gluconeogenesis
from substrates
that enter the
gluconeogenic
pathway
prior to phosphoenolpyruvate
(lactate
and pyruvate)
and from reduced
substrates
that enter at triose phosphate
or fructose
B-phosphate
(glycerol,
sorbitol,
and xylitol).
Extracellular
Ca2+ was
not required
for the hormones
to enhance
the rate of
glucose production
from oxidized
substrates
that enter
the pathway
at triose phosphate
(dihydroxyacetone
and fructose).
Whereas
Ca2+ addition
did not alter the
effectiveness
of glucagon,
it substantially
suppressed
the ability of norepinephrine
to stimulate
gluconeogenesis from either dihydroxyacetone
or fructose.
The inhibitory
effect of Ca2+ on the response
to norepinephrine was partially
reversed
by providing
reducing
equivalents
to the cytosol or mitochondria
via addition
of ethanol
or /3-hydroxybutyrate,
respectively.
The requirement
for extracellular
Ca2+ for hormonal
stimulation
of glucose
production
from the reduced
substrates was relieved
by providing
a cytosolic
hydrogen
acceptor
via pyruvate
addition.
These results suggest
that the requirement
for Ca2+ for hormonal
stimulation
is closely related to the oxidation-reduction
state of the
isolated
liver cell, and that Ca2+ may influence
the rate
of transfer
of reducing
equivalents
between
cellular
compartments.
Depleting
the Ca2+ content
of hepatocytes
with ethylene glycol bis(P-aminoethyl
ether)Nfip,IV’-tetraacetic acid (EGTA)
and/or
the divalent
cation ionophore
A23167 did not impair the ability
of norepinephrine
to
stimulate
glucose synthesis
from dihydroxyacetone
or
fructose
in the absence of added Ca2+. The ionophore
A23187 enhanced
gluconeogenesis
from glycerol
in the
absence
and presence
of norepinephrine,
and it enhanced glucose production
from sorbitol
in the presence of norepinephrine.
The inclusion
of EGTA
abolished the effects of A23187 with either of the reduced
substrates.
These results support the concept that Ca2+
is required
for norepinephrine
activation
of gluconeogenesis from substrates
that reduce the cytosolic
NAD
system but not for the hormones’
stimulatory
effect on
gluconeogenesis
from substrates
entering
at triose
phosphate
that provide
a more oxidized
cytosolic
oxidation-reduction
state.
Norepinephrine
enhancement
of gluconeogenesis
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was blocked
by the a-antagonist
prazosin
but not by
the P-antagonist
propranolol.
Activation
of a-adrenergic receptors
has been associated
with Ca2+ mobilization, and the data presented
indicate
an important
role
for Ca2’ in catecholamine
regulation
of gluconeogenesis. But the data also suggest that once the rate-limiting
nature of hydrogen
translocation
has been eliminated,
a-adrenergic
stimulation
of gluconeogenesis
can occur
via a mechanism
that functions
independently
of Ca2+.

Recent
studies from this and other laboratories have shown
that the mode of action of catecholamines
to stimulate gluconeogenesis and glycogenolysis in rat liver is mediated predominantly
by a-adrenergic
receptors
and, unlike the action
of glucagon, is not associated with increases in CAMP formation (l-8). Evidence has also been presented to indicate a
Ca” requirement
for a-adrenergic,
but not glucagon, activation of phosphorylase
and glycogenolysis
(8-11).
Reported
effects of Ca2+ on hormone regulation
of gluconeogenesis,
however, have been limited with respect to substrates (lactate
and pyruvate) and have varied (3,8,12-19).
The present work
further examines Ca2+ effects on catecholamine
and glucagon
stimulation
of gluconeogenesis
from substrates metabolized
via pathways that either involve direct mitochondrial
participation or pathways that involve primarily cytosolic enzymes.
MATERIALS

The “Materials
supplement.’

and

AND

Methods”

METHODS

are

presented

in

the

miniprint

RESULTS

Effect of the Medium Ca” Concentration
on the Ability of
Norepinephrine
to Stimulate Glucose Production
from Lactate and Fructose-Suspensions
of isolated liver cells in
Krebs-Henseleit
bicarbonate
buffer, Ca2+-free, with 1.5% bovine serum albumin (treated as described under “Materials
and Methods”)
contained 10 to 20 ,~LM total calcium. Under
these conditions, norepinephrine
stimulation
of gluconeogenesis from 10 mu lactate was minimal. Similar results have
been reported for glucagon and epinephrine
in cells incubated
in a medium depleted of Ca2+ (3, 14, 17). In the presence of
increasing concentrations
of Ca’+, norepinephrine
progressively stimulated glucose production
to a maximum at 1.3 mM
(Fig. 1). Higher concentrations
of Ca2’ up to 2.6 mu did not
alter the response. In the absence of added Ca2+, the rate of
glucose production
from 2.5 mM ,.i-uctose + norepinephrine
’ The “Materials
and Methods”
and portions
of the “Results”
(including
Fig. 3 and Table V) are presented
in the miniprint
supplement at the end of this paper. Miniprint
is easily read with the aid of
a standard
magnifying
glass. Full size photocopies
are available
from
the Journal
of-Bidlogical
Chemistry,
6650 Rockville
Pike, Bethesda,
Md. 20014. Reauest
Document
No. 79M-678.
cite author(s). ., and
include a check or money order for $1.50 per set of photocopies.
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FIG. 1. Effect
of increasing
medium
Ca2+ concentrations
on
the ability
of 5 PM norepinephrine
to stimulate
glucose
production
from
10 mu lactate
and from 2.5 mu fructose
in hepatocytes
from fasted
rats. Incubations
were conducted
for 30 min
as described
under “Materials
and Methods.”
The rate of glucose
production,
expressed
as micromoles
per min per g wet weight
of
cells, from each of the substrates
+ Ca” is given below the respective
Ca’+ concentration.
Values are the means + S.E. of duplicate
incubations from four different
cell preparations.

was 1.5 times that with the substrate alone. Surprisingly,
the
ability of norepinephrine
to stimulate gluconeogenesis
from
fructose gradually decreased as the concentration
of the medium Ca2+ was increased.’
Effect ofAdded Ca2+ on the Ability of Norepinephrine
and
Glucagon to Stimulate
Gluconeogenesis
from Reduced and
Oxidized
Substrates-Because
of the differential
effects of
Ca2+ on the response to norepinephrine
in cells metabolizing
lactate or fructose, the effects of 1.3 mM Ca2+ on norepinephrine and glucagon stimulation
of gluconeogenesis
from various
precursors entering the gluconeogenic
pathway at different
levels were examined. In the absence of added Ca2+, norepinephrine did not stimulate glucose production
from 10 mM
lactate, 10 mM pyruvate, or the combination
of 10 mM lactate
+ 1 mM pyruvate; glucagon stimulated slightly when lactate
was present (Fig. 2A). Addition of 1.3 mM Ca2’ enhanced the
basal rate of glucose synthesis from each of the substrates in
agreement with earlier findings (3,13,16,17), and considerably
enhanced hormone stimulation
of the rate when 10 mM lactate
(cfi Refs. 3, 14, and 17) or 10 mM lactate + 1 mu pyruvate
were used as substrates. Norepinephrine
also enhanced the
rate of gluconeogenesis
from pyruvate in the presence of 1.3
mM Ca”+ (CL Ref. 17), however, the rate with glucagon and
Ca2+ remained below that of the control as was demonstrated
previously (12, 17).
Results from experiments
with substrates that enter the
gluconeogenic
pathway
at the triose phosphate
level are
shown in Fig. 2B. Ca2’ (1.3 111~) enhanced the rate of glucose
production
from 2.5 mu glycerol, 2.5 mM sorbitol, or 2.5 mM
xylitol by 15 to 25%, and was found to be necessary for the full
expression of both the norepinephrine
and glucagon enhancement of gluconeogenesis.
Both hormones stimulated
glucose
production
from either 2.5 mu dihydroxyacetone
or 2.5 mM
fructose in the absence of added Ca2’. The presence of 1.3 mM
’ In these experiments,
catecholamine
enhancement
of glucose
synthesis
was considerably
higher than that previously
reported
(4).
The inclusion
in the incubation
medium
of 1.5% gelatin (providing
calcium at concentrations
of 0.2 to 0.5 mM along with other contaminants (16)) would appreciably
alter the gluconeogenic
response
of
the cells to either epinephrine
or norepinephrine.
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Ca2’ increased the rate of glucose production from each of the
oxidized substrates only slightly and did not alter the effectiveness of glucagon (compare Ref. 12); however, it lowered
the response to norepinephrine
by more than 50%. In experiments not shown, 0.1 mM CAMP or 0.1 mM cGMP mimicked
the effects of glucagon with all of the substrates tested in the
absence and presence of Cazf. Responses with 5 pM phenylephrine or 10 pM epinephrine
were similar to those observed
with 5 pM norepinephrine.
Although rates of glucose production were lower, essentially the same results were obtained if
cells were incubated in the Krebs-Henseleit
bicarbonate buffer
without 1.5% albumin.
Effects of Added Ca2+, Norepinephrine,
and Glucagon on
Lactate and Pyruvate Formation-Substrates
that enter the
Embden-Meyerhof
pathway at triose phosphate may be converted either to glucose or to lactate and pyruvate. Table I
summarizes the influence of norepinephrine
and glucagon on
lactate and pyruvate production
from glycerol, dihydroxyacetone, sorbitol, or fructose under the conditions described in
Fig. 2B. Formation
of lactate and pyruvate from the reduced
substrates was considerably
lower than that from the more
oxidized substrates. Similar observations have been reported
(17, 27). Lactate and pyruvate formation from glycerol was
not altered by addition of 1.3 mM Ca2+ and/or either of the
hormones, even though Ca2+ or Ca2+ in combination
with
either of the hormones enhanced the rate of glucose production (Fig. 2B).
When dihydroxyacetone
or fructose was the gluconeogenic
precursor, both hormones stimulated
glucose production
in
the absence of medium Ca2+, and there was a concomitant
decrease in the rate of lactate and pyruvate formation. Similar
findings, generally with a medium containing Ca2’, have been
reported (4, 17, 21, 27, 28). The presence of Ca” did not
appreciably
alter the rate of glucose production
from either
dihydroxyacetone
or fructose, although it did slightly increase
the rate of lactate and pyruvate production
from these substrates. When Ca2+ was added to either of the oxidized substrates in combination
with norepinephrine,
the resulting decrease in glucose formation could be correlated with a concomitant increase in lactate and pyruvate formation. Ca2’ did not
affect the responses to glucagon. The effect of Ca2+ on formation of lactate and pyruvate from sorbitol was similar to
that from either dihydroxyacetone
or fructose; changes could
not be correlated with changes in glucose formation.
Effects of ,&Hydroxybutyrate
and Ethanol
Addition
on
Norepinephrine
and Glucagon Stimulation
of Gluconeogenesis from Dihydroxyacetone
in the Absence and Presence of
Ca’+-In
view of the inhibitory
effects of added Ca2+ on the
ability of norepinephrine
to stimulate glucose synthesis from
oxidized substrates, this unexpected response was investigated
using dihydroxyacetone
in combination
with agents that
would provide more reduced conditions but would not contribute carbon for gluconeogenesis
(Fig. 2C). The addition of
2.5 mM ethanol slightly lowered the rate of glucose production
from 2.5 mM dihydroxyacetone.
Similar results have been
obtained in liver cells from fasted rats by others (17, 27, 28).
By supplying reducing equivalents primarily to the cytosol,
ethanol reversed the effects of Ca2+; instead of impairing the
norepinephrine
response, Ca2+ was required for the effectiveness of the catecholamine.
Glucagon stimulation
of gluconeogenesis from dihydroxyacetone
+ ethanol also resembled
that observed in the presence of more reduced substrates.
Supplying reducing equivalents to the mitochondria
via addition of fi-hydroxybutyrate
gave slightly different results.
The rate of glucose production from 2.5 mu dihydroxyacetone
+ 10 mM /?-hydroxybutyrate
was higher than that from dihydroxyacetone
alone (27), without and with added Ca2+ (Fig.
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FIG. 2. Effects
of 1.3 nwr Ca2+ on the ability
of norepinephrine and glucagon
to stimulate
gluconeogenesis
from:
(A) substrates
entering
the gluconeogenic
pathway
prior
to phosphoenolpyruvate,
(B) substrates
entering
at triose
phosphate
or
fructose
6-phosphate,
(C) the oxidized
substrate
dihydroxyacetone
in combination
with
ethanol
or p-hydroxybutyrate,
and (0) the reduced
substrates
glycerol
or sorbitol
in combination
with pyruvate.
Hepatocytes, isolated from 24-h fasted rats,

were incubated with substrates and agents for 30 min as described
under “Materials and Methods.” The rate of glucose production,
expressed as micromoles per min per g wet weight of cells, for each
substrate is given above the 100% control bar. Values are the means
+- S.E. of duplicate incubations from the number of cell preparations
given in parentheses. NE, norepinephrine; LAC, lactate; PYR, pyruvate; DHA, dihydroxyacetone; EtOH, ethanol; p-OHB, P-hydroxybutyrate.

2C). However, in this series of experiments,
the apparent
inhibition
by Ca2+ of the norepinephrine
response was prevented. Norepinephrine
was equally effective in the presence
ancl absence of Ca” in a manner similar to that of glucagon.
Effects of Pyruvate Addition
on Norepinephrine
and Ghcagon Stimulation
of Gluconeogenesis
from Glycerol or Sorbitol in the Absence and Presence of Ca’+-Berry
et al. (29)
and Williamson et al. (30,31) have provided evidence that the
shuttle systems transferring
reducing equivalents
from the
cytosol to the mitochondria
play a regulatory
role in the
metabolism of reduced substrates. In studies with glycerol and
sorbitol, Berry et al. (29) found that the addition of pyruvate,
acting as a cytosolic hydrogen acceptor, stimulated the utilization of and gluconeogenesis
from either of these substrates.
Experiments
were therefore carried out to examine the requirement
of both hormones for the presence of Ca2+ to
enhance glucose production
from the reduced substrates in
combination
with pyruvate. The results are shown in Fig. 20.
When 2.5 mM pyruvate was used alone as the substrate, the
presence of extracellular
Ca2+ was necessary for norepinephrine stimulation
of gluconeogenesis
in a manner similar to
that for 10 InM pyruvate (Fig. 2A). With the lower concentra-

tion of pyruvate, Ca’+ prevented
the apparent
inhibition
caused by the addition of glucagon. Ca” was no longer required, however, for the hormones to stimulate glucose production from either 2.5 mM glycerol or 2.5 mu sorbitol in
combination
with 2.5 mM pyruvate (compare with Fig. 2B).
The results were particularly
striking with the combination
substrate of 2.5 mM sorbitol + 2.5 mu pyruvate. Similar effects
were not observed when 5 mM or 10 mu acetoacetate replaced
pyruvate (data not shown).
Effects of Added Ca ‘+, Norepinephrine,
and Glucagon on
a-Glycerophosphate
Accumulation-Because
Ca2+ seemed
not to be involved in the malate/aspartate
shuttle (Fig. 3 in
the miniprint
supplement),
its possible role in the a-glycerophosphate shuttle was examined. a-Glycerophosphate
accumulation from glycerol or sorbitol was lowered by the addition
of Ca2’, unaffected (glycerol) or minimally
affected (sorbitol)
by hormone addition, and considerably reduced by the addition of norepinephrine
+ Ca2+ (Table II). The combination
of
glucagon + Ca2+ was not as effective as the combination
of
norepinephrine
+ Ca2+ in stimulating
gluconeogenesis
(Fig.
2B) or in lowering
a-glycerophosphate
accumulation
from
these substrates. Pyruvate addition substantially
lowered a-
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I

Effect of added Ca” on lactate and pyruvate formation
Incubation
conditions
were the same as those described
in Fig.
Values, expressed
as nanomoles
per min per g wet weight of cells
the means f S. E. of pooled duplicate
samples from four different
preparations
for lactate measurements
and from three different
preparations
for pyruvate
measurements.
DHA,
dihydroxyacetone;
NE, norepinephrine.
Lactate formation

Substrate
+ 0.5~~ glucagon
Substrate
+ 0.5 UM elucaaon
+ 1.3 mM Ca2+
,-

formation

t4
<4
t4
14

1.3 mM Ca*’
5 PM NE
5 PM NE + 1.3
0.5 ).iM glucagon
0.5 PM glucagon
Ca*+

130
170
42
150

<4
t4

+
f
-rf

3.7
4 + 1.0
13
8 +- 1.4
8.9
t4
14 23 f 4.4

16 + 1.0
21 f 1.8

t4
4 + 1.0

360
450
180
380

+
+
f
+

6.2
11
13
16

140 f 10
210 + 8.4

glycerophosphate
accumulation
in cells incubated
with either
of the reduced
substrates
(29). Under
these conditions,
both
hormones
were able to stimulate
glucose
production,
partially
from
glycerol
and maximally
from sorbitol,
in the absence
of
added
Caz+.

Effects of Preliminary
Treatment
and Subsequent
Incubation of Liver Cells with EGTA3
and/or A23187 on the
Ability of Norepinephrine
to Stimulate Gluconeogenesis
from
Reduced and Oxidized Substrates-Whereas
the low concentration (10 to 20 PM) of endogenous calcium present in the
cells and medium during the incubations
was not sufficient
for hormonal activation of gluconeogenesis
from lactate, pyruvate, or the reduced substrates that enter at the triose
phosphate
level, the concentration
present may have been
enough for the hormonal responses with the more oxidized
substrates. This seemed unlikely in the case of norepinephrine,
however, since the addition of extracellular
CaZf appeared to
inhibit its effectiveness. In order to examine further the involvement

of Ca*’

in norepinephrine

stimulation

ogenesis, liver cells were treated

and subsequently

with

this

of glucone-

incubated
et al.
(18) have shown that the divalent cation ionophore, A23187
(36)) and the hormones, norepinephrine
and glucagon, caused
a rapid efflux of Ca2+ from an exchangeable
pool in isolated
liver cells. These findings and those of Blackmore
et al. (11)
confirm earlier findings reported by Friedmann and Park (37)
for the perfused liver. Chen et al. (18) found that concentrations of A23187 above 1 PM induced maximal Ca2+ efflux
within 10 min. When norepinephrine
was added to cells that
had been treated with the divalent cation ionophore
in this
manner, it did not stimulate further Ca2+ release, and it did
not stimulate glucose production
from 10 mM lactate + 1 mM
pyruvate. The series of experiments
that follow extend the
findings of Chen et al. (18).
Preliminary
incubations of freshly prepared cell suspensions
with 0.2 mM EGTA and/or 10 PM A23187 were conducted in
plastic bottles for 15 min at 37°C in an atmosphere of 95% 02,
EGTA

and/or

A23187.

‘The
abbreviation
used
ethyl ether)N,N,N’,N’-tetraacetic

In

laboratory,

is: EGTA,
ethylene
acid.

Chen

glycol

bis(P-amino-

5% COs on a Dubnoff shaker. Calcium concentrations
in the
cells before and after preliminary
treatment with EGTA and/
or A23187 are shown in Table III.4 In this set of experiments,
dimethylformamide,
used as the solvent for A23187, was present in all incubations
at a final concentration
of 3.3 bl/ml.
Exposure of the cells to dimethylformamide
for 15 min did
not alter cellular calcium concentrations.
Incubation with 0.2
mM

160 + 20 72 -t 1.6 130 + 21
I160 + 22 I 82 f 3.4 I 110 f 10

I

Pyruvate
Substrate
Substrate
+
Substrate
+
Substrate
+
mM Ca*+
Substrate
+
Substrate
+
+ 1.3 mM

2B.
are
cell
cell
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EGTA

caused

a 56% reduction

in calcium

content;

10 PM

A23187, a 50% reduction; and the combination
of both agents,
an 82% reduction.
Cells that had been incubated as described above were then
added to vials containing
1 ml of buffer with substrates,
effecters, and EGTA and/or A23187, when appropriate.
Glucose production
was measured over a 30-min period as described under “Materials
and Methods.”
The results are
shown in Fig. 4. In Panel A, preliminary
treatment
and
subsequent incubation
of the cells with 0.2 mM EGTA, a
concentration
considerably
higher than the endogenous medium Ca2+ concentration,
lowered the rate of glucose production from dihydroxyacetone
and from fructose. Similar results
were obtained with 10 PM A23187 or the combination
of 0.2
mM EGTA
and 10 PM A23187. The inhibition
of glucose
synthesis from the oxidized substrates caused by 0.2 mM
EGTA was apparent only when the cells were treated with
the chelating agent prior to substrate addition, and may have
occurred because the cells contained less intracellular
Ca2+ at
the time of incubation
with the substrates. A23187 inhibition
of gluconeogenesis
has been reported by others (8, 12, 18,39).
Whereas the rate of glucose production
from either dihydroxyacetone or fructose was lower in cells treated with EGTA
and/or A23187, the data in Panel A show that the ability of
norepinephrine
to stimulate glucose production
from either
substrate was unimpaired
under all of the conditions tested.
The effects of preliminary
treatment and subsequent incubation of cells with EGTA and/or A23187 on norepinephrine
activation
of gluconeogenesis
from the reduced substrates
(Panel B) and from the reduced substrates in combination
with 0.65 mM Ca2+ (Panel C) were also examined. As expected,
in the absence of added Ca2’ and other agents, norepinephrine
did not enhance the rate of glucose production
from either
glycerol or sorbitol. Treatment
with 0.2 mM EGTA substantially reduced the rate from either substrate. However, the
rate of glucose production
from glycerol was stimulated in the
absence of added Ca2+ in cells incubated with either A23187
or the combination
of A23187 and norepinephrine.
A23187 did
not enhance the rate of glucose production
from sorbitol,
however, the combination
of A23187 and norepinephrine
did
increase the rate slightly. In the experiments in which 0.2 mM
EGTA was included in the medium during preliminary
treatment and subsequent incubation
of the cells, the effects of
A23187 were prevented.
In the presence of added Ca2+ (0.65 mM), norepinephrine
stimulated the rate of glucose production from either glycerol
4 The calcium concentration,
1.18 nmol/mg
of protein, measured
in
cells prepared
from the livers of fasted rats and washed extensively
in
a medium
low in Ca*+ was considerably
lower than the concentration
reported
by others (8, 11,38). Their values were for cells isolated from
the livers of fed animals and prepared
in a medium
containing
Ca2’.
Chen et al. (18) observed
differences
in the size of the exchangeable
Ca*’ pool in cells prepared
from fed and fasted rats. This may, in
part, account for the lower cell calcium
content in our preparations.
It is also possible that centrifuging
the cells through
the 2.5 mM LaCl3,
7% (w/v) Ficoll solution,
as described under “Materials
and Methods”
removed
surface-bound
Ca*+. The process lowered the “cell” calcium
concentration
from 1.85 + 0.2 nmol/mg
of protein
to 1.18, the value
reported
above. It should be noted, however,
that the calcium
removed by centrifugation
through
LaClJFicoll
was available
to the
cells during the various incubations.
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TABLE

II

Effect of added Ca”
on a-glycerophosphate
accumulation
Incubation
conditions
were the same as those described
in Fig. 2, B and D. Values, expressed
as nanomoles
per min per g wet weight
are the means + S. E. of pooled duplicate
samples from three different
cell preparations.
DHA, dihydroxyacetone;
NE, norepinephrine;
pyruvate.
2.5 ;;oflyc‘

Additions

Substrate
Substrate
Substrate
Substrate
Substrate
Substrate

+
+
+
+
+

1.3 mM Ca*+
5 pM NE
5 pM NE + 1.3 mM Ca*+
0.5 pM glucagon
0.5 pM glucagon
+ I.3 mM Ca”
TABLE

240
210
240
150
240
210

+
f
t
rt
k
t

24
25
25
24
38
38

14
12
8
9
6
7

III

Cellular
calcium
content
Conditions
have been described
under “Materials
and Methods”
and “Results.”
Values are expressed
in nanomoles
per mg of protein
and are the means + S. E. from five different
cell preparations.
Dimethylformamide
(DMF)
was present in all incubations
at a final
concentration
of 3.3 &ml.
Freshly
prepared
cells
Cells incubated
for 15 min with
DMF
DMF + 0.2 mM EGTA
10 pM A23187 in DMF
10 PM A23187 in DMF
+ 0.2

1.18 + 0.14

mM

EGTA

1.14
0.50
0.57
0.21

2.5 nysorbi-

2.5 rnivx DHA

f
-c
+
+

f
+
+
f
?I
+

2.7
1.3
1.4
1.4
0.3
0.9

44
34
39
17
36
26

k
+
+
++
-t

4.6
3.4
4.6
1.6
2.7
2.7

2.5 mu pyruvate

12 -c 1.4

*
+
f
f
+

+
f
+
+

1.0
0.8
0.3
0.3

ti

y2.Fz

In&l Pyr

0.3
0.8
0.5
1.0
0.7

62
42
47
27
43
33

3
4
3
5
3
4 + 1.0

11 r 0.8

6
8
4
6

2.fr$yF5c-

PYr

9
11
6
8
5
9

+ 11

+
+
+
*
+

8.0
8.5
3.8
9.5
8.4

k
+
+
r
-I
+

1.0
0.8
0.6
0.9
0.3
0.9

NAD ratio may be altered readily when the cells are exposed
to high concentrations
of oxidized or reduced substrates. The
rate of metabolism of the substrates may then become limited
by the translocation
of reducing
equivalents
between cell
compartments.
In the present study, in agreement
with the findings of
others, Ca” stimulated the rate of gluconeogenesis
from preNO

0.19
0.08
0.08
0.02

or sorbitol. The stimulation was prevented, as were the effects
of A23187, by the inclusion of 0.85 mu EGTA in the incubation
medium.
Effects of a- and ,&Antagonists
on Norepinephrine
Stimulation of Gbconeogenesis-In
the present series of experiments, liver cells were isolated and washed in a medium
depleted of Ca2+ and incubated in the Ca’+-free buffer with or
without Ca2+ addition. Norepinephrine
enhancement
of glucose production
from the reduced substrates or pyruvate, in
the presence of extracellular
Ca2’, and from the oxidized
substrates, dihydroxyacetone
or fructose, in the absence of
extracellular
Ca”, was higher than that previously reported
(4). The effects of a- and ,&blocking agents on the ability of
norepinephrine
to stimulate glucose production were therefore
re-examined. The a-antagonist
prazosin, at a concentration
of
0.1 PM, blocked the increase in glucose synthesis due to
norepinephrine
with all substrates tested (Table IV); the pantagonist
propranolol,
at concentrations
of 10 PM and 25
w, did not. Higher concentrations
of propranolol
substantially inhibited glucose production
from the substrates in the
absence of norepinephrine.
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DISCUSSION

Isolated rat hepatocyte preparations
have been used extensively in recent years for studying gluconeogenesis
and its
control. In most instances, the isolated cells have responded
to substrate and hormone addition in a manner similar to that
of the intact liver. Differences have been reported, however,
particularly
when the cells have been incubated
with high
concentrations
of substrates that appreciably alter the intracellular oxidation-reduction
state. Garrison and Haynes (41),
Cornell et al. (42), Zahlten et al. (13), and Elliott (16) observed
a lag period in the rate of gluconeogenesis
from high concentrations of lactate. Zahlten et al. (12) and Garrison and Haynes
(41) found that glucagon or cyclic AMP inhibited, rather than
stimulated,
glucose production
from high concentrations
of
pyruvate. These findings were later confiied
by others (17,
43-45). Endogenous substrates are depleted during the isolation and washing procedures involved in the preparation
of
isolated hepatocytes with the result that the cytosolic NADH/

- - - _ + + + +
FIG. 4. Effects
of preliminary
treatment
and subsequent
incubation
of liver cells with EGTA
and/or
A23167
on the ability
of norepinephrine
to stimulate
gluconeogenesis
from:
(A) dihydroxyacetone
or fructose,
(9) glycerol
or sorbitol
in the
Ca2+ , and (C’) glycerol
absence
of added
or sorbitol
in the
presence
of 0.65 mu Ca’+. Treatments
and incubations
of hepatocytes were conducted
as described
under “Materials
and Methods”
and “Results.”
The rate of glucose production,
expressed
as micromoles per min per g wet weight
of cells, for each substrate
is given
above the 100% control bar. Values are the means + SE. of duplicate
incubations
from three different
cell preparations.
NE, norepinephrine; DHA, dihydroxyacetone.
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IV

on norepinephrine

stimulation

of gluconeogenesis

Hepatocytes were incubated with substrates and agents for 30 min as described under “Materials and Methods.” Rates of glucose formation,
expressed as micromoles per min per g wet weight of cells, are the means f S. E. of duplicate incubations from three different cell preparations.
Lac, lactate; Pyr, pyruvate; DHA, dihydroxyacetone; NE, norepinephrine.
Additions
Substrate
Substrate
Substrate
Substrate
Substrate
Substrate
Substrate
Substrate

+
+
+
+
+
+
+

5 PM NE
0.1 pM prazosin
0.1 PM prazosin + 5 pM NE
10 PM propranolol
10 pM propranolol + 5 pM NE
25 pM propranolol
25 /.LM propranolol + 5 pM NE

10 nml Lx +
1.3 m&l Ca”

lomMPyr+

0.19 + 0.02

0.50
0.72
0.51
0.51
0.44
0.64
0.41
0.60

0.28
0.18
0.17
0.16
0.25
0.10
0.16

+f
f
f
++
f

0.03
0.03
0.02
0.02
0.03
0.01
0.02

1.3 rnM Cd’

cursors entering the gluconeogenic
pathway prior to phosphoenolpyruvate,
and was found to be necessary for catecholamine or glucagon activation of glucose production from lactate
(3, 14, 17) or lactate + pyruvate and for catecholamine
enhancement of the rate from pyruvate (17). The effects of Ca2+
were not as great when lactate + pyruvate was the substrate,
possibly because the cells were not subjected to extremely
oxidized or reduced conditions. The Ca’+-dependent
norepinephrine stimulation
of glucose production
from 10 InM pyruvate was particularly
striking in contrast to the well documented inhibition
by glucagon, thought to occur via an inhibition of pyruvate kinase activity and the resulting lack of
cytosolic reducing equivalents necessary for gluconeogenesis
(17, 43-45). Glucagon and, to a lesser extent, catecholamine
regulation of gluconeogenesis
at the pyruvate kinase site (46)
has been demonstrated
recently (19,28,47-53).
Differences in
the ability of the hormones to inhibit pyruvate kinase activity
have been observed, however. In isotopic studies on the metabolism of lactate, Rognstad and Katz (51) found that glucagon inhibited flux through pyruvate kinase in isolated liver
cells from fed rats, but had no effect in cells from fasted rats.
Their findings and those of Rognstad (17) indicate that hormonal inhibition
of pyruvate kinase activity is influenced both
by the nutritional
state of the animal and by the oxidation
state of the substrate being metabolized
(i.e. the effects on
pyruvate kinase activity are more apparent
with oxidized
substrates). Feliu et al. (48) and Hue and Feliu (53) demonstrated an inhibition
of pyruvate kinase activity by glucagon
and by epinephrine
(but not by phenylephrine)
in liver cells
from fed animals when 2 mM pyruvate was used as the
substrate. On the other hand, Rognstad (17), using 10 mM
pyruvate and liver cells from fasted rats, demonstrated
an
inhibition
of flux through pyruvate kinase by glucagon but
not by epinephrine
and obtained
results similar to those
presented in this report with respect to glucose production.
The Ca2’-dependent
norepinephrine
stimulation
of gluconeogenesis from 10 mM pyruvate, shown in Fig. 2A, was substantial. If, under the conditions described, the inhibition
caused
by glucagon were due to an inhibition
of pyruvate kinase
activity, then a similar effect of norepinephrine
at this site
was not apparent. Transfer of mitochondrial
reducing equivalents into the cytosol was not rate-limiting
for gluconeogenesis in the presence of norepinephrine.
These results suggest
that the major action of catecholamines
may be at another
site, possibly at the level of phosphofructokinase-fructose
bisphosphatase
(4).
Hormonal
stimulation
of glucose synthesis from reduced
substrates entering the gluconeogenic
pathway at triose phosphate or fructose 6-phosphate
was also found to be Ca’+dependent in liver cells isolated from fasted rats. Ca2+ was not
required, however, for hormonal
enhancement
of the rate
from the oxidized substrates dihydroxyacetone
or fructose; in
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fact, the presence of 1.3 mM Ca”+ impaired the response to
norepinephrine.
Rates of glucose, lactate, and pyruvate production from dihydroxyacetone
and from fructose were considerably higher than the rates from their respective reduced
counterparts,
glycerol and sorbitol. There was a good correlation between the ability of the hormones to increase the rate
of glucose production and simultaneously
to decrease the rate
of lactate and pyruvate production
from the oxidized substrates (4, 17,21,27,28)
in the absence and presence of added
Ca”+ (Table I). The same correlation was not observed in cells
metabolizing
the reduced substrates. In this case, the effects
of the hormones did not appear to be mediated via an inhibition of pyruvate kinase. Ca2’, and Ca2+ in combination
with
norepinephrine,
actually increased lactate and pyruvate production from sorbitol. The major difference in the metabolism
of the reduced substrates is in the necessity for their oxidation
before conversion to glucose. The high ratio of cytosolic
NADH/NAD
generated from these substrates limits lactate
and pyruvate formation by inhibiting
triose phosphate dehydrogenase (17, 27), and disposal of the reducing equivalents
limits the rate of substrate utilization
(29-31). Under these
conditions,
neither catecholamines
nor glucagon stimulate
gluconeogenesis.
Addition of Ca’+ enhances the rate of glucose
production
from either of the reduced substrates and permits
hormonal
stimulation.
Similar results were obtained when
ethanol, supplying cytosolic reducing equivalents, was used in
combination
with dihydroxyacetone.
Berry et al. (29), Williamson
et al. (30,31), and Cederbaum
et al. (34) have provided
evidence that the metabolism
of
reduced substrates is regulated by the rate of reoxidation
of
cytosolic NADH, and that this, in turn, in liver cells with
depleted stores of endogenous substrates, is regulated by the
rate of transfer of reducing equivalents from cytosol to mitochondria. In the experiments described, the differential effects
of Ca2+ on gluconeogenesis
and hormone expression, depending on the oxidation-reduction
state of the gluconeogenic
precursor entering at the triose phosphate level, indicate that
Ca2+ may be involved in increasing the rate of reoxidation
of
cytosolic NADH. The data presented in Fig. 20 support this
concept. When pyruvate, acting as a cytosolic hydrogen acceptor (29), was used in combination
with either glycerol or
sorbitol, the presence of 1.3 mM Ca2+ was no longer required
for hormone expression. The lack of a similar effect of acetoacetate indicates that reoxidation
of mitochondrial
NADH
was not rate-limiting.
Several mechanisms have been proposed for the transfer of
reducing equivalents from the cytosol into the mitochondria
(54-61). Of these, the malate-aspartate
shuttle (54, 55) and,
under conditions of increased tissue a-glycerophosphate
concentrations,
the a-glycerophosphate
shuttle (56, 57) are
thought to be responsible for the majority of transfer (29-31,
33,34). The importance of the malate-aspartate
shuttle in the
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lower than that required for hormone stimulametabolism
of reduced substrates has been demonstrated
in considerably
tion of the rate of glucose production
from either glycerol or
previous studies (30,31,33,34)
and in Fig. 3 (in the miniprint
supplement)
with the use of aminooxyacetate.
Added Ca*’ or sorbitol. In this case, A23187 may have induced further Ca2+
efflux from the pool remaining
in the cells or it may have
CaZ+ + norepinephrine
did not, however, overcome the inhiCa” or
bition of gluconeogenesis
caused by aminooxyacetate,
al- induced a flux of endogenous cellular surface-bound
endogenous medium Ca2’ into the cells (11). The ionophore
though it is possible that such an inhibition
may not be readily
reversible. The fact that Ca2+ or Ca’+ + norepinephrine
stimA23187 probably functions by the mechanism originally deulated gluconeogenesis
from glycerol or sorbitol when the scribed (36) for its uncoupling
action in liver mitochondria.
malate-aspartate
shuttle was thus inhibited
indicates that
By carrying Ca”+ out of the mitochondria,
the ionophore
Ca”+ probably acts via another mechanism. Berry et al. (29) would promote the continual energy-requiring
uptake of Ca2’
suggested that the a-glycerophosphate
shuttle may play a by these organelles. The resulting stimulation
of respiration
relatively major role in transferring
reducing equivalents into
regenerates NAD from the NADH generated by oxidation of
the mitochondria
in isolated rat liver cells metabolizing
either
the glycerol or sorbitol and thus permits a more rapid converglycerol or sorbitol, but, as there is no specific inhibitor of this
sion of these substrates to glucose. In the mitochondrial
shuttle mechanism, Ca2+ interactions
with the cycle will be system, inhibitors of calcium transport, ruthenium
red, La3’,
more difficult to examine. Stimulatory
effects of Ca2’ on a- or EGTA, prevent the uncoupling
effect of A23187 (36). With
glycerophosphate
dehydrogenase
have been demonstrated
in the reduced substrates in hepatocytes, the effects of A23187,
mitochondria
isolated from several tissues other than liver
as well as those of norepinephrine,
were abolished by the
(62-65). The data presented in Table II show that Ca’+, and inclusion of EGTA. In contrast, Ca2+ depletion with EGTA
had no effect on the ability of norepinephrine
to stimulate
to a greater extent, the combination
of Ca2+ + norepinephrine
act to decrease the accumulation
of a-glycerophosphate
in glucose production
from either dihydroxyacetone
or fructose.
isolated liver cells metabolizing
glycerol or sorbitol. Additional
Studies from this and other laboratories,
generally constudies employing different experimental
approaches will be ducted in the presence of Ca2’, have shown that the stimularequired to determine whether the decrease results from an tory action of catecholamines
on gluconeogenesis
in rat liver
increase in the activity of a-glycerophosphate
dehydrogenase
is mediated predominantly
by an a-adrenergic
mechanism
or from an increase in the rate of reoxidation
of cytosolic
that functions independently
of increases in CAMP (2-5, 7,8,
NADH by another mechanism(s).
19,27). The data obtained in the present series of experiments
The concept that Ca’+ may influence the rate of transfer of (Table IV) demonstrate
that norepinephrine
activation
of
reducing equivalents between cellular compartments
is furgluconeogenesis,
under optimal conditions for all of the gluther supported by the following: 1) Ca” acts to decrease the coneogenic precursors tested (i.e. either in the presence or
cytosolic NADH/NAD
ratio (lactate/pyruvate)
in isolated
absence of medium Ca2+), occurs via an a-adrenergic
mechaliver cells incubated with sorbitol, fructose, or dihydroxyacenism. In view of the findings of Chan and Exton (40) with
tone as shown in Table I and as demonstrated
by Yip and respect to those in Table V (in the miniprint
supplement),
Lardy,” and 2) it also increases the mitochondrial
NADH/
however, the question of whether or not a-adrenergic enhanceNAD ratio @hydroxybutyrate/acetoacetate)
in cells incument of glucose production
from the oxidized substrates in
bated with NAD-linked
substrates as demonstrated
by Otto
Ca2+-depleted
liver cells occurs independently
of CAMP formation remains to be answered.
and Ontko (66) and in cells incubated with sorbitol or frucIn summary, the findings presented in this report indicate
tose.” The recent report of Otto and Ontko (67) describing an
role in regulating gluconeogenactivation of mitochondrial
fatty acid oxidation by Ca2’ is also that Ca2+ plays an important
of interest, and it is possible that an activation of the fatty
esis. Under certain circumstances, Ca’+ permits a-adrenergic
acid cycle (58, 59) by Ca2+ could contribute
to hydrogen
and glucagon stimulation
of gluconeogenesis,
but these hortranslocation,
although the extent to which the cycle operates
mones can enhance glucose synthesis from dihydroxyacetone
has not been established.
or fructose in cells severely depleted of Ca2+.
The studies examining the role of Ca2’ in mediating catecholamine activation of gluconeogenesis
in isolated liver cells
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