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T

he fetal liver accumulates glycogen at the end of
gestation. This accumulation is under hormonal
control.1 However, little is known about the influence of nutritional factors on glycogen accumulation. Severe starvation in the pregnant rat is associated both
with decreased fetal glycemia and decreased fetal liver glycogen.2"5 Glucose infusion to the pregnant starved rat
increases fetal liver glycogen.2
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The present work is an attempt to determine to what extent
variations of maternal glycemia affect glycogen accumulation in the fetal liver. We studied the effects of acute variations of plasma glucose (hypoglycemia, moderate hyperglycemia, and marked hyperglycemia) on glycogen storage
and on synthase and phosphorylase activities in the liver of
the fetuses of normal fed rats. These experimental conditions were obtained through maternal venous infusion of saline, insulin, or glucose solutions.
MATERIALS AND METHODS

The study was made on female rats of the Wistar strain
weighing approximately 280-320 g and fed ad libitum.
Gestation was verified 14 days after mating, by abdominal
palpation, and the fetal age determined according to Jost
and Picon.1
UDP-U-14C-glucose (312 mCi/mmol) and D-U-14C-glucose
(3.05 mCi/mmol) came from the Radiochemical Centre
(Amersham, Bucks, G.B.). UDP-glucose, glucose 6-phosphate, glucose 1-phosphate, and oyster glycogen were
obtained from Calbiochem (San Diego, California). Amylo,
a-1,4,a-1,6-glucosidase and glucose oxidase (Perid
method) were provided by Boehringer (Mannheim, Germany). Other chemicals were obtained from Prolabo
(Paris, France).
Pregnant rats were anesthetized with an intraperitoneal
injection of sodium pentobarbital (30 mg/kg body wt). A
primed steady state infusion technique was used. The rats
were infused through the saphenous vein. For control fetuses, mothers were infused with saline solution (NaCI
0.9%); for hypoglycemic fetuses, infusion of insulin solution
was used (5 iU/ml at a rate of 6 iU/h); and for hyperglycemic
fetuses, infusion of glucose solution 30% w/v through the saphenous vein was given. A priming dose of 1 ml was rapidly
infused (2 min), followed by a constant infusion. Fetal blood
glucose levels in the range of from 5.5 to 32 mM were obtained by altering the infusion rate from 1.2 to 4.5 ml/h. In
some experiments U-14C-glucose was added in trace
amount to the glucose, insulin, or saline infusions.
Fetal blood was collected from exteriorized fetuses,
(whose placenta was left in situ) with a heparinized pipette
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SUMMARY

The effects of variations of glycemia from 1.7 to 35
mM on the activity of glycogen synthase and phosphorylase, on glycogen content, and on U-14C-glucose
incorporation into glycogen in the liver of the nearterm rat fetus were investigated. Hypoglycemia did
not affect the activities of phosphorylase and synthase; total glycogen content was not modified, but incorporation of labeled glucose was markedly decreased. This is consistent with a decreased glycogen
synthesis. A slight hyperglycemia (about 5.5 mM)
sharply decreased phosphorylase a (active) activity
but increased slightly glycogen synthase a activity;
liver glycogen content and labeled glucose incorporation were both enhanced. Higher levels of glycemia induced a decrease of phosphorylase a activity of the
same order, but by contrast, glycogen synthase a activity increased progressively with increasing glycemia. Sequential study showed that hyperglycemia first
induced the decrease of phosphorylase activity, then
increased synthase activity. Marked hyperglycemia
strongly enhanced liver glycogen content and labeled
glucose incorporation. The fetal liver appears very responsive to acute variations of glycemia. The mechanisms seem to be oriented toward maximal glycogen
accumulation. DIABETES 29:266-271, April 1980.
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FIGURE 1. Effect of blood glucose concentration on glycogen
synthase and phosphorylase activities in the fetal liver. On day 21.5
of pregnancy, maternal glucose or insulin infusion was sustained
during 60 min. At the end of this time period the activity of
phosphorylase (O
O) and synthase ( •
• ) was measured on
the same liver. The activities have been measured at different fetal
blood glucose concentrations (between 1.7 and 32 mM). Values are
means ± SEM with the number of experiments in parentheses.

gen was used as the standard. One milliliter of the hydrolysate was placed in a vial containing 10 ml of scintillation liquid (P.C.S. Amersham, Searle, G.B.), and radioactivity was
measured in the liquid scintillation spectrometer.
Means of the experimental series were compared by Student's t test.
RESULTS
Relation between fetal glycemia and enzyme activities.
The activity of phosphorylase a and glycogen synthase a
was measured at different blood glucose concentrations in
21.5-day-old fetuses. The maternal infusions of saline, insulin, or glucose were continued for 60 min in different
experiments. Saline infusion did not modify fetal blood
glucose level (Figure 3). Hypoglycemia between 3.5 and
1.7 mM did not affect the activity of phosphorylase and
synthase. Hyperglycemia between 3.5 and 5.5 mM increased glycogen synthase and decreased phosphorylase
activity. Higher levels of glycemia induced a decrease
of the phosphorylase activity of the same order (Figure 1).
By contrast, glycogen synthase activity increased progressively with increasing glycemia.
The activity of synthase was plotted versus the corresponding value of phosphorylase for each liver in Figure 2.
There is an inverse correlation between the activities of
these enzymes.
Sequential study of glycogen synthase and phosphorylase activities during glucose infusion (marked hyperglycemia). Glycogen synthase a and glycogen phosphorylase a activities were determined 15, 30, 60, and 150 min
after the beginning of maternal infusion with 30% glucose
solution (3 ml/h) on day 21.5 of gestation. Controls were obtained by saline infusion at the same rate. Saline infusion
did not significantly modify fetal glycemia nor the enzymatic
activities at any time.
Ten minutes after beginning glucose infusion, the fetal
glycemia increased to 15 mM and afterward remained
stable (Figure 3). Activity of glycogen synthase a was not
modified for 15 min. A sharp increase occurred between 30
and 60 min, while between 60 and 150 min there was a decrease of enzymatic activity (Figure 3). A similar pattern was
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at the level of the armpit vessels. The livers were immediately placed in liquid N2 and stored at -20°C for enzymatic
assays and glycogen determinations.
Glycogen synthase (EC 2.4.1.11) activity was measured
by incorporation of U-14C-glucose from UDP-U-14C-glucose
into glycogen. The incorporated radioactivity was measured
after adsorption of an aliquot of incubation mixture on filter
paper. Active synthase a (active) was measured by the
method of De Wulf and Hers.6 The liver was homogenized
with 3 vol of ice-cold solution containing 150 mM sucrose
and 100 mM glycylglycine buffer (pH 7.4); 0.02 ml of
homogenate was incubated for 10 min at 20°C in a final volume of 0.2 ml containing 0.2 /AITIOI of UDP-glucose + UDPU-14C-glucose (100 c.p.m./nmol), 1 mg of glycogen, 6 ^mol
of glycylglycine buffer (pH 7.4), 1 ^mol of Na2SO4, and 0.5
/Ltmol of EDTA. Then 0.1 ml of the mixture was placed on a
piece ( 2 x 2 cm) of Whatman 31 ET chromatography paper
(according to Thomas et al.7) and the reaction stopped by
placing the paper in cold ethanol. The papers were washed
three times ( 3 x 1 0 min) with 66% ethanol. Papers rinsed
with acetone and dried were placed in vials containing 10
ml of scintillation liquid (P.C.S. Amersham, Searle). The radioactivity was measured in a Nuclear Chicago (Mark 1) liquid scintillation spectrometer. Activity was expressed in
/xrnoles of glucose incorporated into glycogen per min/g
wet liver (i.e., units/g wet liver). In a few cases, total (a + b)
glycogen synthase activity was measured according to
Devos and Hers.8
Phosphorylase (EC 2.4.1.1) was assayed by measuring Pi
released during incorporation of glucose 1-phosphate into
glycogen. Only the active form of phosphorylase a was determined according to Hue et al. 9 Pieces of liver were homogenized in 10 vol of ice-cold solution containing 100 mM
NaF, 20 mM EDTA, 0.5% (w/v) glycogen, and 50 mM glycylglycine (pH 7.4). One-tenth miIIiIiter of the homogenate
was incubated for 30 min at 20°C, with an equal volume of
a mixture containing 100 mM glucose 1-phosphate, 2%
(w/v) glycogen, 0.3 mM NaF, and 1 mM caffeine (pH 6.1).
The reaction was stopped by adding 0.5 ml of 10% (w/v)
trichloroacetic acid. The mixture was centrifuged
(16,000 x g, 2 min) and Pi assayed in the supernatant as
described by Fiske and Subbarow.10 The activity was
expressed as /xmoles Pi released/min/g wet liver (i.e.,
units/g wet liver).
The technique for glycogen determination in the fetal liver
was that described by Roehrig and Allred.11 When U-14Cglucose was added to the 30% glucose or saline infusion,
the glycogen content of the liver and radioactivity incorporated into glycogen were simultaneously determined according to the method of Chan and Exton.12 Frozen liver was
weighed and homogenized (2.5%) in twice distilled water
with a glass teflon homogenizer. One-tenth mi Hi liter of the
homogenate was spotted on a piece ( 2 x 3 cm) of filter
paper (Whatman 3 MM chromatography paper). The papers
were dropped into a beaker containing 66% ethanol and
washed three times ( 3 x 1 0 min). They were then briefly
rinsed with acetone, dried, and placed in plastic tubes containing 0.4 ml acetate buffer (0.05 M, pH 4.5), 1.6 ml H2O,
and 0.02 ml of amylo,a-1,4,o:-1,6-glucosidase (3 U). The
tubes were placed at 55°C for 30 min to allow hydrolysis of
glycogen. Glucose was determined in 0.1 ml of hydrolysate
with the glucose oxidase method. Hydrolyzed oyster glyco-
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FIGURE 2. Correlation between the activity of synthase and
phosphorylase in fetal liver. Values of glycogen synthase shown in
Figure 1 have been plotted versus the corresponding values of
glycogen phosphorylase.

observed in 18.5-, 19.5-, and 20.5-day-old fetuses (data not
shown).
The increase of synthase a activity resulted from an activation of the enzyme, not from synthesis, since the total activity (a + b) was not enhanced (initial value = 1.18 ± 0.45
U/g liver; final value = 1.21 ± 0.40 U/g liver).
The activity of phosphorylase a decreased during the first
30 min and afterward remained practically unchanged (Figure 3). The same was observed on days 19.5 and 20.5. At
18.5 days, the decrease occurred only after 30 min and was
transitory (data not shown).
Relation between fetal glycemia, liver glycogen content,
and incorporation of labeled glucose into liver glycogen. On day 21.5 of gestation, maternal infusions of tracer
amounts of U-14C-glucose were made during 150 min under
the following four experimental conditions: normoglycemia
with saline infusion (2 ju,Ci/ml, 2.2 ml/h); hypoglycemia with
insulin infusion, 5 iU/ml (1.2 /uCi/ml, 2.2 ml/h); moderate hyperglycemia with 30% glucose solution (3 /xCi/ml, 1.2 ml/h);
and marked hyperglycemia with 30% glucose solution (11
jLtCi/ml, 3 ml/h). Under these conditions specific radioactivities of blood glucose were approximately the same.
Fetal hypoglycemia did not modify the liver glycogen
content compared with fetuses of normoglycemic mothers,
but labeled glucose incorporation into glycogen was
strongly decreased (Figure 4). Moderate hyperglycemia
(about 5.5 mM) increased slightly but significantly the fetal
liver glycogen content (P < 0.01) and glucose incorporation (P < 0.001) compared with fetuses of saline-infused
mothers (Figure 4). Marked hyperglycemia (about 15 mM)
strongly increased both fetal liver glycogen content and labeled glucose incorporation (Figure 4).
Effect of marked hyperglycemia on liver glycogen content as a function of fetal age. Fetal glycemia and liver
glycogen were determined in 17.5-21.5-day-old fetuses
under three experimental conditions: (1) immediately after
anesthesia of the mother; (2) after a 150-min saline infusion
to the mother; and (3) after a 150-min 30% glucose infusion
to the mother. Fetal glycemia is reported in Table 1. After
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FIGURE 3. Sequential activation of glycogen synthase and
inactivation of glycogen phosphorylase in the fetal liver on day 21.5 of
gestation. The pregnant rat was infused with either saline (—) or
glucose solution (
). At different time intervals after the beginning
of maternal infusion, synthase and phosphorylase activities were
measured in the same liver. Fetal hyperglycemia occurred only at 5,
15, 60, and 150 min. Values are means ± SEM of the number of
determinations shown in parentheses.

glucose infusion, it was about 8-10 times higher than that of
control fetuses (saline infusion) from day 17.5 to day 21.5. At
all stages, there was no difference between the glycemia of
fetuses taken at time zero and that of fetuses taken after saline infusion.
Liver glycogen is reported in Figure 5. Saline infusion did
not affect glycogen content at any stage. In 17.5- or 18.5day-old fetuses, liver glycogen concentration after glucose
infusion was not modified compared with fetuses of salineinfused dams. In the liver of 19.5-, 20.5-, and 21.5-day-old
fetuses, glycogen concentration was increased by about
30% after glucose infusion.
DISCUSSION

The results reported in Figure 1 indicate that a slight fetal
hyperglycemia (5.5 mM) induced a decrease of glycogen
phosphorylase activity as striking as that seen with very
high glycemia (32 mM); the changes observed indicate that
a slight increase of fetal blood glucose may be sufficient to
control fetal liver glycogen metabolism.
By contrast, glycogen synthase activity progressively increased until glycemia reached 32 mM. Similar observations were obtained with glucose levels extending from 5 to
55 mM in the perfused adult rat liver,13 in the isolated rat
liver cells,9 and in the liver of rats and mice in vivo.14 The
results plotted in Figure 2 indicates that the glycogen synthase activity is enhanced only in livers in which the level of
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TABLE 1
Fetal glycemia (mM) immediately after anesthesia of the mother (controls) and after a 150-min maternal saline or
glucose infusion at different stages of pregnancy
Days of gestation

17.5
Controls
Saline infusion
Glucose infusion

1.1 ± 0.2 (14)
16.7 ± 0.2 (14)

18.5

19.5

20.5

21.5

2.7 ± 0.3 (12)

2.4 ± 0.2 (25)
1.8 ± 0.2 (12)
15.2 ± 0.1 (13)

2.6 ± 0.2 (13)
2.2 ± 0.3 (23)
13.1 ± 0.1 (22)

3.6 ± 0.2 (32)
3.3 ± 0.2 (18)
15.0 ± 0.1 (31)

1.3 ± 0.1 (18)

14.3 ± 0.2 (20)

Values are means ± SEM of the number of determinations shown in parentheses.

FIGURE 4. Relation between fetal glycemia, liver glycogen content,
and incorporation of labeled glucose into liver glycogen. On day 21.5
of gestation, maternal infusions of U-"C-glucose in trace amount were
made during 150 min under four experimental conditions. For
experimental details see text. Open bars, liver glycogen content;
hatched bars, radioactivity in glycogen. \ significant statistical
difference (P < 0.01); **, highly significant statistical difference
(P < 0.001).
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However, some findings which do not agree with this
model have been reported in the adult rat. Nuttall et al.21 in
the rat liver in vivo and Gilboe and Nuttall22 in acellular
preparations of rat liver observed a significant glucose-induced synthase activation before a decrease of phosphorylase activity was detectable. In the fasted rat liver in vivo,
glucose induced a striking activation of glycogen synthase
without concomitant inactivation of phosphorylase, while
phosphorylase inactivation occurred in the liver of the fed
rat.23 In a rat hepatocyte preparation, Ciudad et al.24 reported a simultaneous increase of synthase and phosphorylase activity in the presence of fructose and postulated that inactivation of phosphorylase is not a prerequisite
for synthase activation.
Roach and Lamer25 have proposed an alternative explanation for stimulation of glycogen synthesis: glycogen
synthase activity depends on the phosphorylation state of
the enzyme, and hormones modulate this phosphorylation
state. However, metabolic activators such as glucose are
able to induce an increase of activity at the same phosphorylation state without modifying it. In this model, inactivation of phosphorylase a, which inhibits synthase phosphatase, is not required, since activation can occur without
dephosphorylation of synthase b by synthase phosphatase.
It is likely that in our fetal model (as in the adult rat liver)
both mechanisms can occur: glucose might induce simultaneously a direct activation of synthase activity and an activation of synthase phosphatase through phosphorylase inactivation.
Recently Katz et al.26 established the existence of two distinct systems of glycogen synthesis by isolated adult rat
hepatocytes. In the first, glycogen is derived from gluconeogenic precursors, essentially lactate, pyruvate, and dihydroxyacetone;27 glucose is produced concurrently with glycogen synthesis, and a high glucose concentration is not
required to obtain glycogen accumulation. In the second
system, synthesis of glycogen from glucose as sole substrate requires a high glucose concentration for a significant
rate. In this second system only, glycogen accumulation is
accompanied by a decrease of phosphorylase activity.
Since in the rat fetus the gluconeogenic pathway from lactate, pyruvate, and amino acids is not functional until
birth,28'29 one can assume that the first system cannot apply
to our fetal model. Glucose of maternal origin is probably
the main substrate for glycogen synthesis in the fetal rat
liver. Consequently, glycogen synthesis in the liver of the rat
fetus might be explained by Her's model. Any increase of
maternal blood glucose would be of physiologic significance for glycogen storage in the fetal liver.
The possibility that the observed effect of glucose might
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phosphorylase is lower than a value of 2 U. Since an increase of fetal blood glucose produced an inactivation of
glycogen phosphorylase and an activation of glycogen
synthase, this sequence of events might be the biochemical
expression of the concept of hepatic threshold to glucose
initially proposed by Soskin.1s
Sustained fetal hyperglycemia (Figure 4) induced firstly
an inactivation of the major part of the glycogen phosphorylase followed by an activation of the glycogen synthase. The
same sequence has been observed in adult rats14 and monkeys16 as well as in the perfused liver13-17 and in isolated
hepatocytes.9 The apparent existence of a threshold of
phosphorylase activity for synthase activation suggests that
the response of fetal liver to glucose obeys the pattern proposed by Hers and co-workers.14 One can assume that, as
shown in the adult rat liver, the primary effect of glucose is to
bind to phosphorylase a18 and to favor the conversion of this
enzyme into phosphorylase b (inactive form) by phosphorylase phosphatase.19 Since phosphorylase a is a strong inhibitor of glycogen synthase phosphatase,20 its disappearance
would be a prerequisite for the activation of glycogen synthase, which occurs in a second step. Thus, the difference in
the response of the two enzymes may permit a better stimulation of glycogen synthesis when the degradation is diminished or stopped in the first step.
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FIGURE 5. Effect of maternal glucose infusion on fetal liver glycogen
concentration. Control fetuses (A
• ) of nonperfused dams were
studied immediately after maternal anesthesia. In fetuses of
glucose-(B
• ) and saline-perfused females (D
• ) , the liver
glycogen was measured 150 min after the beginning of maternal
infusion. Values are means ± SEM of the number of determinations
shown in parentheses.

be mediated by insulin cannot be ruled out, since in the
term rat fetus, an acute hyperglycemia stimulates insulin secretion.30 However, in the perfused liver of the adult rat13 and
in isolated hepatocytes9 as well as in adult rat liver in vivo,14
the activation of glycogen synthase by high glucose concentrations does not depend on the presence of insulin. In
preliminary experiments we injected insulin intravenously
(40 mU) into the 21.5-day-old rat fetus. This rather high dose
of insulin induced effects on glycogen synthesis qualitatively similar to those of glucose, but quantitatively lesser
than those induced by a moderate increase of blood glucose from 3.8 to 5.5 mM. Therefore, it is unlikely that the glucose-induced increase of insulinemia is totally responsible
for glycogen synthesis stimulation.
As expected from the effects on enzyme activities, fetal
hyperglycemia increased glycogen content of the liver over
a period of 150 min, i.e., it enhanced net glycogen synthesis. Since a moderate hyperglycemia (5.5 mM) was able to
significantly enhance glycogen synthesis in the liver of the
rat fetus, one can assume that physiologic increments of
maternal glycemia as a result of nutritional state would affect fetal liver glycogen synthesis.
In contrast, acute fetal hypoglycemia was without effect
on fetal liver glycogen content. No degradation of glycogen
occurred, but, as shown by incorporation of labeled glucose, synthesis was markedly reduced. Girard et al.,31 in
similar experiments, observed reduced fetal insulinemia
(half of the control value) after acute maternal hypoglycemia. In spite of the decrease, this level of fetal blood insulin
might be high enough to protect glycogen against degradation.
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Note added in proof. Hyperglycemic fetuses from 30%
glucose-infused mothers were given an amount of antiinsulin serum from guinea pigs (through the vitellin vein)
which was able to complex 2.5 mU of insulin; controls
received normal guinea pig serum. This treatment did not
affect either the increase of liver glycogen content or 14Cglucose incorporation. Therefore, insulin suppression did
not impair the increase of glycogen accumulation due to
the rise of fetal blood glucose.
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