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Fructose 2,6-bisphosphate in livers of genetically obese rats
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Livers of genetically obese (fa/fa) rats, starved for 24h, contained more fructose
2,6-bisphosphate, glucose 6-phosphate, fructose 6-phosphate and glycogen, and more
pyruvate kinase and phosphofructokinase 2 activities, than livers of control lean rats.
These changes may be explained in terms of cyclic AMP concentration, which was
decreased in livers of obese starved rats.

In previous studies (Hue & van de Werve, 1982;
Claus & Pilkis, 1982) it has been shown that the
amount of fructose 2,6-bisphosphate in livers of
genetically obese mice was greater than in livers of
control lean mice. This was particularly evident
when the animals were starved; under these con-
ditions, fructose 2,6-bisphosphate content was 6-
7-fold higher in livers of obese mice than in livers of
lean controls (Hue & van de Werve, 1982). Since
fructose 2,6-bisphosphate stimulates phosphofructo-
kinase (Van Schaftingen et al., 198 la), this enhanced
[fructose 2,6-bisphosphatel may contribute to keep
glycolysis active in the livers of these animals and
thus provide lipogenesis with an increased supply of
pyruvate.
A similar situation may exist in livers of

genetically obese rats of the Zucker strain (fa/fa).
By contrast with lean controls, isolated hepatocytes
from these rats are known to glycolyse and to
synthesize fatty acids even after a period of
starvation (McCune et al., 1981). The metabolic
profile is therefore similar to that in livers of
genetically obese mice, and it was our purpose to
study the mechanisms that control fructose 2,6-
bisphosphate accumulation in the livers of these rats.
These mechanisms are the concentration of fructose
6-phosphate, the substrate of phosphofructokinase
2, and cyclic AMP, which controls the state of
activity of phosphofructokinase 2 and fructose
2,6-bisphosphatase via the cyclic AMP-dependent
protein kinase (for reviews, see Hers & Van
Schaftingen, 1982; van de Werve & Jeanrenaud,
1982; Hers & Hue, 1983).
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Materials and methods
Animals

Genetically obese (fa/fa) male rats and their lean
littermate controls (FA/?) were purchased from the
Centre de Selection et d'Elevage d'Animaux de
Laboratoire (CNRS, Orleans, France). The animals
were 11 weeks old and were fed ad libitum with
standard laboratory chow or starved overnight
before the experiment; four groups of animals were
studied, each of four rats. They were maintained in
constant-temperature (230C) animal quarters with a
fixed (12 h) light cycle.

The rats were anaesthetized by an intraperitoneal
injection of sodium pentobarbital (60mk/kg); after
15 min the abdomen was opened, and another 15 min
later the liver was freeze-clamped between
aluminium blocks precooled in liquid N2 (Wollen-
berger et al., 1960). Liver samples were kept frozen
(-800 C) until further processing. Blood samples
(1 ml) were collected from the vena cava.

Measurement ofmetabolites and enzyme activities
Concentrations of glucose (Huggett & Nixon,

1957), lactate (Hohorst, 1963b), glucose 6-
phosphate and fructose 6-phosphate (Hohorst,
1963a), fructose 2,6-bisphosphate (Van Schaftingen
et al., 1982), glycogen (Hue et al., 1975), plasma
insulin (Herbert et al., 1965) and, in purified extracts
(van de Werve et al., 1974), cyclic AMP (Gilman,
1970) were measured as indicated.

Pyruvate kinase activity was measured as
described previously (Feliu et al., 1977) at low
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Table 1. Concentrations of glycogen, glucose 6-phosphate (Glc-6-P), fructose 6-phosphate (Fru-6-P), fructose 2,6-
bisphosphate (Fru-2,6-P) and cyclic AMP in livers and concentrations of lactate in blood of normal and obese

(fa/fa) rats
Values shown are means + S.E.M. for four animals in each group. The difference between the corresponding control
and obese rats is indicated by *(P < 0.05), **(P < 0.0125) and ***(P < 0.0025).

Concn. in liver

Animals
Control fed
Control starved
Obese fed
Obese starved

Glycogen
(mg/g)
56+2
1.9 +0.4
58+4
16+3***

Glc-6-P
(nmol/g)
82 + 13
26+5
134 + 17*
75 + 14**

Fru-6-P
(nmol/g)
34+5
12+4
46+9
34+7*

Fru-2,6-P2
(nmol/g)
4.6 +0.4
0.7 + 0.3
7.1 +0.9*
4.4 + 1.2**

Cyclic AMP
(nmol/g)

0.78 + 0.08
1.03 + 0.08
0.87 + 0.04
0.66 + 0.09**

Blood lactate
(mM)

1.83 + 0.09
1.29 + 0.09
2.46 + 0.17**
1.88 +0.08***

(0.3 mM) and saturating (5 mM) concentrations of
phosphoenolpyruvate, with irrelevant modifications.
The ratio of activity of pyruvate kinase at low to that
at high concentration of substrate gives an indica-
tion of the proportion of the enzyme in the active
form (Feliu et al., 1976; Claus et al., 1979).
To measure phosphofructokinase 2 activity, liver

samples were homogenized at 0°C in 4vol. of
0.1 M-KF/5 mM-potassium phosphate/50 mM-Hepes
(4 - (2 - hydroxyethyl) - 1 - piperazine - ethanesulphonic
acid], pH 7.1. After centrifugation for 15min in an
Eppendorf Microfuge, the activity of phospho-
fructokinase 2 in the supematant was assayed for
30min at 30°C in the presence of 0.5mM-fructose
6-phosphate, 1.5 mM-glucose 6-phosphate,
5 mM-MgATP, 5 mM-potassium phosphate,
50mM-KCI, 60mM-KF and 50mM-Hepes, pH7.1.
The reaction was stopped by the addition of 1 vol. of
0.1 M-NaOH and the mixture was heated for Omin
at 800 C. Fructose 2,6-bisphosphate was measured
as described by Van Schaftingen et al. (1982).

Table 2. Activity of pyruvate kinase and phospho-
fructokinase 2 in livers ofnormal and obese (falfa) rats
Values shown are means + S.E.M. for four animals in
each group. Pyruvate kinase activity was measured
at 0.3 mm- (v03) and 5 mM-phosphoenolpyruvate (V5)
and phosphofructokinase 2 at 0.5 mM-fructose 6-
phosphate as explained in the Materials and methods
section. The difference between the corresponding
control and obese rats is indicated by *(P <0.05)
and **(P<0.0125).

Pyruvate kinase activity
(,umol/min per g of liver)

Animals v0.3 V5 100xV5
Control fed 13 + 1 41 +2 31.0+0.7
Control starved 9 + 2 28 + 4 30.6 ± 1.1
Obese fed 18 + 2* 60 + 7* 30.5 + 0.6
Obese starved 21 + 4* 54 + 7** 38.8 + 2.6*

Phospho-
fructokinase
(nmol/min

per g of liver)
2.8 +0.6
0.5 +0.2
4.7 + 0.6*
2.3 + 0.6*

Results

Despite the high insulinaemia found in 11-week-
old obese (fa/fa) rats (10.3 + 2.4ng/ml, versus
1.0 + 0.3 ng/ml in controls), the blood sugar of the
obese rats (8.1+0.7mM) was more elevated than
that of the controls (5.8 + 0.4 mM), indicating a state
of insulin resistance.
We have measured (fructose 2,6-bisphosphatel in

livers of rats which were either fed or starved for
24 h. To document changes in glycolytic rate, we

have also measured the concentration of plasma
lactate, hepatic glycogen and hexose 6-phosphates
as well as the activities of pyruvate kinase and
phosphofructokinase 2. The results are shown in
Tables and 2. When livers of fed rats were

compared, parameters such as glycogen, cyclic
AMP and fructose 6-phosphate were the same,

whereas glucose 6-phosphate, fructose 2,6-bisphos-
phate and plasma lactate as well as pyruvate kinase

and phosphofructokinase 2 activities were increased
in the obese group. When livers from starved obese
rats were compared with livers of lean controls, the
differences became more marked: it appeared that in
livers of obese rats (i) the concentration of hexose
6-phosphates, fructose 2,6-bisphosphate, glycogen
and blood lactate was several times greater, whereas
the concentration of cyclic AMP was less than 70%
of that in controls, and (ii) the activity of pyruvate
kinase measured at both low and saturating con-
centrations of substrate was higher than in the
controls, and the ratio of these two activities
indicated that more enzyme was in the active form;
finally, the activity of phosphofructokinase 2 was 4
times that in lean controls.

Discussion

The relatively large concentrations of liver glyco-
gen and hexose 6-phosphates and the high activity of
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pyruvate kinase and phosphofructokinase 2 found in
starved obese rats suggest that glycolysis is active.
This confirms a previous observation by McCune et
al. (1981). The high plasma [lactate] found may also
result from an increased hepatic glycolysis and
impaired gluconeogenesis as well as from an
increased extrahepatic production. Thus the meta-
bolic state of livers from starved obese rats is similar
to that of normal fed rats and does not support the
existence of 'insulin resistance'. In contrast, glucose
production measured in intact fed obese rats by the
euglycaemic-clamp technique was resistant to insulin
(Terrettaz & Jeanrenaud, 1983).
Our data also indicate that, as in livers of

genetically obese mice (Hue & van de Werve, 1983;
Claus & Pilkis, 1982), the factor responsible for this
active glycolysis is probably fructose 2,6-bisphos-
phate, In hepatocytes incubated under aerobic
conditions, the rate of lactate production is indeed
well correlated with [fructose 2,6-bisphosphatel
(Hue, 1982).
What are the mechanisms responsible for the

maintenance of high [fructose 2,6-bisphosphatel in
livers of starved obese rats? A high steady state of
[hexose 6-phosphatel and, as a consequence, of
[fructose 2,6-bisphosphate] might result from the
hyperglycaemia present in the starved obese rats, but
is not the only explanation, since high [fructose
2,6-bisphosphatel was also found in livers of starved
obese mice, which had the same blood glucose as
lean controls (Hue & van de Werve, 1982). The low
[Qyclic AMP] that is observed in livers of starved
obese rats, and which is in agreement with a
previous observation (Lavine et al., 1975), offers an
explanation for the metabolic state of these livers. It
may explain the maintenance of elevated [glycogeni,
which would keep [hexose 6-phosphatel relatively
high and thus favour the synthesis of fructose
2,6-bisphosphate (Hue et al., 1981). It could also
cause an increase in the activity of phospho-
fructokinase 2, as this enzyme is inactivated by
cyclic AMP-dependent protein kinase (Van Schaf-
tingen et al., 1981b; El-Maghrabi et al., 1982;
Furuya et al., 1982). The observed enhanced activity
may result not only from a low [cyclic AMP] but
also from an increase in total amount of the enzyme
in the liver, or from both. Our data do not allow us
to discriminate between the two possibilities. On the
other hand, since cyclic AMP-dependent protein
kinase can inactivate pyruvate kinase (Engstrom,
1978), a low [cyclic AMP] may also explain that the
proportion of pyruvate kinase in the active form was
higher in livers of starved obese rats than in controls.
In addition, the total content of pyruvate kinase was
increased, in agreement with previous observations
(Willms et al., 1970; Spydevold et al., 1978). In
contrast, it was decreased during starvation in lean
controls, as previously reported (Krebs & Eggleston,

1965). It should be noted that, in livers of starved
control rats, the proportion of pyruvate kinase in the
active form is not significantly decreased despite a
high [cyclic AMP]. We have no explanation for this
finding, which is in contradiction with several other
reports (Feliu et al., 1977; van Berkel et al., 1977).

In conclusion, the low [cyclic AMP] in livers of
starved obese rats orientates the metabolism towards
an inhibition of glycogenolysis and gluconeogenesis,
and a stimulation of glycolysis and lipogenesis. The
high [fructose 2,6-bisphosphatel observed in livers of
fed obese rats cannot be explained in terms of cyclic
AMP; it may result from a long-term adaptation,
such as an increase in the content of phospho-
fructokinase 2.
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