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Summary. Lean and genetically obese (fa/fa)rats were fed ad
libitum, or fasted for 17 h and then meal-fed for varying time
intervals. During refeeding, glucose-6-phosphatase activity of
lean rats declined to the low value that was present in livers of
fasted obese rats and which remained unchanged in the obese
group during the meal. Refeeding also resulted in increases in
hepatic concentrations of glucose-6-phosphate and fructose-
6-phosphate, fructose 1,6-bisphosphate, fructose-2,6-bisphos-
phate, a-glycerophosphate, pyruvate and lactate in lean and
obese rats, absolute values being higher in the fasted obese
than in the fasted lean group. Obese animals had higher post-
prandial portal blood insulin, glucose and lactate concentra-
tions than lean animals. In spite of this, the rate of hepatic
glycogen deposition was the same in both groups and was ac-

companied by similar glycogen synthase a levels. Following
refeeding, phosphorylase was transiently inactivated in livers
of lean but not of obese animals, while glycogen synthase was
inactivated in both groups. The data suggest that (1) in lean
animals refeeding was associated with a stimulation of liver
glycolysis, presumably by insulin; (2) in fasted obese rats he-
patic glycolysis was already in a stimulated state and was only
slightly enhanced further after the meal, in keeping with their
unaltered hyperinsulinaemia; (3) there was an increased turn-
over of liver glycogen or a resistance to insulin stimulation of
glycogen synthesis in fa/fa rats during refeeding.

Key words: Liver glycogen metabolism, fa/fa rats, feeding, in-
sulin resistance, glycolysis, fructose-2,6-bisphosphate.

Genetically obese (fa/fa)rats are insulin resistant, a pa-
thology that has been traced to muscle and adipose tis-
sue [1]. In liver as well, insulin resistance was suggested
by the observation that the hepatic glucose production
in vivo was not suppressed by the high basal hyperinsu-
linaemia [2] of these obese rodents, the suppression of
the process being observed only at pharmacological
concentrations (10 mU/ml) of the hormone [3].

The onset of hepatic glycogen synthesis after a meal
is favored by insulin in livers of normal rats [4]. In this
tissue [5, 6] as in skin [7], glycogen formation was shown
not to require an activation of glycogen synthase, but
was associated with an inactivation of phosphorylase.
Insulin infusion also enhances glycolysis in livers of
normal rats clamped at euglycaemia [8].

It was therefore of interest to study the effect of en-
dogenous insulin on liver glycogen formation and gly-
colytic parameters upon refeeding obese rats, in order
to evaluate the nature of their potential hepatic insulin
resistance.

Materials and methods

Animals

Lean and genetically obese (fa/fa) male rats, weighing about 250 g
and 360 g respectively, were purchased at the CNRS breeding center
(Orléans, France). The animals were kept for one week on standard
laboratory chow (21% proteins, 3% lipids, 39% carbohydrates, 5% cel-
lulose, 32% H,0, amino acids and minerals, Lacta, Cossonay, Switzer-
land) prior to use. The rats were then divided into two groups: one
was fasted for 17h (from 17.00 to 10.00 hours), then given access to
food distributed at the bottom of the cages and used 2, 6 or 10 h later
(refed); the other group had free access to food (fed ad libitum) and
was used at 10.00 hours. Each group of animals was anaesthetized
with pentobarbital (0.1 mg/g body wt intraperitoneally) at the corre-
sponding experimental feeding time, the abdomen was incised to ex-
pose the liver and a loose ligature was placed around the portal vein.
Fifteen min later, the liver was excised and rapidly (1s) frozen be-
tween aluminium blocks cooled in liquid nitrogen. Simultaneously,
the ligature was tied and blood samples taken from the vein. Frozen
livers were stored at — 80 °C pending enzyme and metabolite determi-
nations.

Analytical methods

Plasma glucose [9] and insulin [10] were determined as previously de-
scribed. Fluorimetric assays of metabolites were performed in depro-
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Results

Changes in portal vein parameters during refeeding

In the obese rats, fasting levels (time zero) of blood in-
sulin, lactate and pyruvate were markedly elevated
compared to controls (Fig.1). Upon refeeding insulin
and pyruvate remained at the same high levels in the
obese group, while glucose was increased by 50%
throughout the meal and lactate increased transiently.
Obese rats fed ad libitum had higher portal vein levels
of insulin, glucose, lactate and pyruvate than fed con-
trols. Refeeding lean rats resulted in increased portal
blood insulin, glucose, lactate and pyruvate concentra-
tions which reached values that were similar to those of
obese at the end of the meal (10.00 hours), except for in-
sulin, which always remained lower compared to the
obese group.

The elevated lactate and pyruvate levels throughout
the meal in the obese rat portal vein as well as the in-
crease in these parameters upon feeding lean rats is con-

sistent with changes in hepatic glycolysis (Fig.3,
Table 1). Increased lactate production by the liver has
been observed in dogs fed a mixed meal [38]. Blood glu-
cose levels were the same in both fasted lean and obese
animals. The increase in glycaemia following the meal
was more pronounced in the obese group, confirming
an earlier report of oral glucose intolerance in fa/fa rats
[16] which was attributed to enhanced hepatic glucose
production [17].

Hepatic glycogen metabolism during refeeding

Figure 2 (left panel) shows the glycogen content, the ac-
tivities of phosphorylase a, synthase a and glucose-
6-phosphatase in livers of lean and obese rats, fasted,
refed or ad libitum fed. Under all nutritional conditions
hepatic glycogen levels were higher in the obese group,
although the rate of glycogen formation was compara-
ble with that measured in livers of lean animals (lean:
7.1 %1 and obese: 7.4+ 0.9 mg glycogen/g liver h, mean
values &= SEM calculated from six different feeding time
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Fig.3. Effect of feeding on glycolytic intermediates. Livers were sam-
pled from lean (left panel) and obese (right panel) rats fasted for 17 h
(O), refed for 2h (A), 6h (¥) and 10h (M), respectively, or fed ad
libitam (@). Glycolytic intermediates were assayed as described in
the Methods section. The results are expressed as a percentage of the
values (100%) found in livers of fasted lean rats. Absclute values and
statistical analysis can be found in Table 1

intervals). A transient but marked inactivation of phos-
phorylase was observed in livers of lean rats during re-
feeding but not in those of refed obese animals. Syn-
thase a levels were identical in the two groups of rats
and declined during feeding. In obese rats glucose-
6-phosphatase activity was unaffected by refeeding. In
fasted lean animals glucose-6-phosphatase activity was
higher than that of obese and declined during feeding to
reach the lower activity found in the obese.

Figure 2 (right panel) shows that in both groups of
animals hepatic glycogen synthesis during refeeding
was not accompanied by significant changes in UDPG
concentrations, but by an increase in the concentration
of hexoses-6-phosphate (glucose-6-phosphate and fruc-
tose-6-phosphate), and, probably as a consequence, of
fructose-2,6-bisphosphate. In lean rats, cyclic AMP lev-
els were unaffected by feeding. In fasted obese rat liv-
ers, the concentration of cyclic AMP was lower than in
the Iean ones, but increased from two hours of refeed-
ing to reach the higher levels found in lean rats.

Hepatic glycolysis during refeeding

Glycolysis is known to proceed in livers of fasted fa/fa
[18, 19] but not of fasted lean rats. It was thus of interest
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to measure changes in glycolytic intermediates during
the refeeding of the fasted animals. The results are pre-
sented in absolute values in Table 1. Increased glycoly-
sis is inferred from dynamic changes in metabolic inter-
mediates and illustrated as cross-over plots (Fig.3). It is
apparent that, in lean rats (Fig.3, left panel), refeeding
was associated with a stimulation of glycolysis at the
level of phosphofructokinase 1 (PFK 1) and pyruvate
kinase. Indeed, one can observe a marked increase in
the concentration of the substrate of PFK 1 (fructose-
6-phosphate in equilibrium with glucose-6-phosphate)
as well as in that of its product (fructose-1,6-bisphos-
phate). Such changes are consistent with a stimulation
of PFK 1 by fructose-2,6-bisphosphate, which increases
upon feeding as described above (see Fig.2). There was,
however, no crossover at the PFK 1 step, probably be-
cause of the increase in hexoses-6-phosphate concen-
tration (due to substrate provision by the meal). A pro-
file similar to that of Figure3 has been observed in
normal rats infused with insulin at euglycaemia [8], but
with a cross-over at PFK 1 because, in these conditions,
glucose-6-phosphate concentrations decreased. The ac-
tivation of pyruvate kinase in refed lean rats is suggest-
ed by the marked accumulation of its product (pyru-
vate) and slight decrease in its substrate (phosphoenol-
pyruvate) concentration. The increase in fructose-
1,6-bisphosphate, a potent stimulator of pyruvate ki-
nase, might have further enhanced this glycolytic step
[20}. In addition and as shown by Table 1, a marked ac-
cumulation of «-glycerophosphate was observed dur-
ing the refeeding of normal rats, an accumulation that
could derive from trioses-phosphate formed by the
stimulation of the glycolytic pathway. As further shown
in Figure3 (right panel), livers from fasted obese rats
had a glycolytic profile that was comparable to that of
livers of the refed lean animals, thus indicating that
even in the fasted state the glycolytic pathway was ac-
tive in the obese group. It is also evident that the same
glycolytic steps (PFK 1 and pyruvate kinase) were also
further stimulated, albeit slightly, upon refeeding the
obese animals.

Discussion

Glycogen synthesis in the lean rat

In previous studies we have shown that synthase activa-
tion was not a prerequisite for hepatic glycogen synthe-
sis during a meal [3, 6]. This feature is confirmed in the
present work. Actually, there is even an inactivation of
the synthase, a finding that has been previously report-
ed [6, 23] and attributed to the inhibition of synthase
phosphatase by glycogen [24]. Such a negative feedback
of glycogen [25-27] on its own synthesis might be useful
in preventing excessive accumulation of the polysac-
charide [28]. Our results suggest that glycogen synthesis
is induced by a stimulation of synthase a via substrate
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availability and/or by positive allosteric modifiers of
the enzyme [29], rather than by changes in the synthase
alevels.

Glycogen synthesis in the obese rat

One should expect that the presence of high portal
blood insulin concentrations in the obese animals
would stimulate liver synthase a activity [29] and en-
hance glycogen synthesis as soon as meal-derived sub-
strates are available. This was, however, not observed,
since the rate of glycogen formation during refeeding
was identical in livers of lean and obese rats (Fig.2). Net
glycogen accumulation is the result of the balance be-
tween its synthesis (by synthase a) and its degradation
(by phosphorylase a). Phosphorylase a levels remained
elevated throughout the experiment in livers of obese
animals. This indicates either that phosphorylase inacti-
vation does not contribute to the net formation of gly-
cogen or that feeding is associated, in livers of obese
rats, with an increased rate of glycogen turnover. If the
latter possibility were correct, one would conclude that
the actual rate of glycogen synthesis was increased in
obese rats.

An alternative view for the lack of stimulation of
glycogen formation by insulin and of inactivation of
phosphorylase in refed obese rats would be that these
events are impaired due to a hepatic insulin resistance.
Indeed, net liver glucose production is not suppressed
in vivo and at euglycaemia in obese animals, despite
their high basal blood insulin concentration, while it is
completely inhibited in normal controls when insulin is
raised to the same value as that prevailing in the obese
[3]. The cause for lack of inactivation of liver phospho-
rylase in refed obese rats is unknown. Amongst several
possibilities one may mention: (1) an impaired glucose-
stimulation of phosphorylase phosphatase, (2) a main-
tenance of active phosphorylase kinase by high intracel-
lular free calcium and (3) a dysregulation of insulin
counter-regulatory hormones. Two of these defects oc-
cur in another strain of genetically obese animals, the
ob/ob mice: (1) glucose resistance has been reported
[30, 31] and (2) support for the hypothesis of abnormal
calcium handling has been provided by studies on liver
mitochondrial calcium transport [21] and in hepatocytes
of ob/ob mice [22].

Glycolysis

Under our experimental conditions, liver glycolysis was
found to be stimulated during refeeding both lean and
obese animals. The fact that glycolytic parameters were
enhanced in the liver of obese rats even when fasted in-
dicate that this pathway is stimulated in these animals,
presumably by their prevailing hyperinsulinaemia, and
therefore does not become insulin-resistant. These
changes in liver glycolysis are consistent with those of
portal blood lactate (Fig. 1).
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It has to be underscored that a crossover plot (Fig.3)
does not give information on the glycolytic flux. With
this limitation in mind, one may question a contribution
of gluconeogenesis to glycogen synthesis [32, 33] unless
a metabolic zonation of these opposite pathways exists
in the liver. Such a zonation has been previously pro-
posed [34]. The present experimental approach is un-
able to discriminate between these potential cell sub-
populations. One should note that recent reports
suggest that the origin of the gluconeogenic precursors
for glycogen synthesis might lie within the liver itself
[35-38], and that these precursors might be produced by
insulin-stimulated hepatic glycolysis [39]. In this re-
spect, it is interesting to recall that concurrent gluco-
neogenesis and glycolysis have been observed in pri-
mary cultures of hepatocytes [40, 41].

In summary, our results indicate that: (a) glycolysis
in liver of genetically obese rats is continuously over-
stimulated by the high basal insulinaemia and, due to
this, only slightly stimulated further upon feeding; (b)
elevated phosphorylase a levels of livers of obese rats
might be an appropriate metabolic adapation that
would attempt coping with an enhanced glycogen syn-
thesis due to hyperinsulinaemia. An enhanced glyco-
genolysis resulting from elevated phosphorylase a lev-
els might be the consequence of hepatic insulin
resistance or of a dysregulation of at least some of the
insulin counter-regulatory hormones. In the latter hy-
pothesis the apparent insulin resistance could be ex-
trahepatic in its nature.
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