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Enhancement of glycogen concentrations in primary cultures of
rat hepatocytes exposed to glucose and fructose
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Glycogen synthesis in isolated hepatocytes can occur from glucose both by a direct mechanism and by an
indirect process in which glucose is first metabolized to C3 intermediates before use for glycogenesis via
gluconeogenesis. We studied the incorporation into glycogen of glucose and the gluconeogenic substrate,
fructose, in primary cultures of hepatocytes from fasted rats. In the presence of insulin, both glucose and
fructose promoted net deposition of glycogen; however, fructose carbon was incorporated into glycogen to
a greater extent than that from glucose. When glucose and fructose were administered simultaneously, the
glycogenic utilization of glucose was stimulated 2-3-fold, and that of fructose was increased by about 500.
At constant hexose concentrations, the total incorporation of carbon, and the total accumulation of
glycogen mass, from glucose and fructose when present together exceeded that from either substrate alone.
Fructose did not change the relative proportion of glucose carbon incorporated into glycogen via the
indirect (gluconeogenic) mechanism. The synergism of glucose and fructose in glycogen synthesis in isolated
rat hepatocytes in primary culture appears to result from a decrease in the rate of degradation of newly
deposited glycogen, owing to (i) decreased amount of phosphorylase a mediated by glucose and (ii) non-
covalent inhibition of residual phosphorylase activity by some intermediate arising from the metabolism of
fructose, presumably fructose 1-phosphate.

INTRODUCTION

The efficiency of hepatic glycogen synthesis has been
considered to be a major determinant of glucose
tolerance; a long-standing concept holds that, after
ingestion of a carbohydrate or mixed meal, a large
fraction of the glucose is taken up by the liver and
converted into glycogen by a direct process which
involves the sequence glucose -. glucose 1-phosphate -.
glucose 6-phosphate -+ UDP-glucose -+ glycogen. This
concept is not completely certain, however, since (i)
estimates of the hepatic uptake of glucose after a glucose
load are controversial, ranging from 25 % [1,2] to more
than 600% [3,4] of the administered sugar, (ii) gluco-
neogenic substrates appear to play an important role
in glycogen deposition [5,6], and (iii) recent proposals
state that the major carbon source for hepatic glycogen
synthesis during the immediate postprandial period is
not glucose but rather C3 intermediates (presumably
lactate) formed during an initial extrahepatic catabolism
of the ingested glucose [7-9].

Isolated hepatocytes in short-term primary culture
have been considered to reflect accurately the intrinsic
metabolic characteristics of the liver at the cellular level.
We [10] and others [11] have demonstrated that isolated
rat hepatocytes maintained in primary culture are able to
synthesize glycogen from glucose by both a direct
pathway and an indirect mechanism that uses gluco-
neogenic precursors. This latter route accounts for
60-70 % of the flux of carbon into glycogen during the
early fasted-to-refed transition in vivo [7,8]. The relative

contributions of the two pathways to overall glycogen
synthesis vary in hepatocytes in primary culture, and
depend on conditions such as the nutritional status of the
animal from which the cells are isolated. The direct route
is emphasized in cells isolated from fed rats [10], whereas
the indirect mechanism appears to predominate in
hepatocytes from fasted animals [11]. Nonetheless, these
data indicate that glycogen carbon which traverses the
indirect pathway can be derived from glucose which has
undergone catabolism to at least the triose phosphate
level within the hepatocyte itself [10,11]; therefore,
extrahepatic catabolism of glucose is not a prerequisite
for glycogen synthesis. We have also noted that
exogenous lactate is a poor precursor for glycogen
synthesis in cultured hepatocytes [10]. Glucose uptake by
the hepatocyte may thus provide a major carbon source
for hepatic glycogen synthesis. However, little is known
concerning the possible interactions and co-ordinate
regulation of the two pathways for hepatocyte glycogen
synthesis. Elevated rates of glycogen synthesis in isolated
hepatocytes [12] and in perfused liver [13] have been
observed when glucose and fructose are administered
simultaneously. We have undertaken a series of studies
with substrates presumed to traverse one glycogenic
pathway predominantly in order to investigate the
contributions of the dual glycogenic routes to overall
glycogen synthesis. We report here studies of the
incorporation into glycogen of the gluconeogenic
substrate fructose, and its substantial stimulatory effect
on the concomitant glycogenic utilization of glucose, in
rat hepatocytes maintained in primary culture.
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MATERIALS AND METHODS

Materials
Fetal-calfserum and Leibovitz L- 15 powdered medium

were from GIBCO. L-15 medium with galactose omitted
was prepared from the individual components as listed
[14]. Collagenase (300-400 units/mg) was obtained from
either Sigma or Boehringer-Mannheim. Hepes, bovine
serum albumin and fructose 1-phosphate (sodium salt)
were from the latter supplier. [U-14C]glucose and
[U-14C]fructose were from ICN, [3-3H]glucose was
obtained from Amersham, and 2-deoxy[G-3H]glucose
was a product of New England Nuclear. All other
reagents not specifically listed were obtained from local
suppliers and were of analytical grade or better.

Methods
Hepatocytes were prepared from 200-250 g Sprague-

Dawley rats which had been allowed free access to water
but had been deprived of food for 24 h before use. The
animals were anaesthetized by intraperitoneal injection
of sodium pentobarbital (50 mg/kg), and hepatocytes
were prepared by non-recirculating perfusion via the
portal vein. Cell preparations were always obtained
between 10:00 and 11:00 h. Sterile technique was
maintained throughout all manipulations. The livers
were first perfused with 60 ml of Ca2+-free Hanks basal
salt solution and then with 120 ml of L-1 5 medium
containing 25 mM-Hepes (pH 7.4), 10 mM-glucose and
0.5% collagenase, over a period of about 30 min. The
livers were excised, gently combed into L- 15 medium
containing 0.5% collagenase and then filtered through
nylon mesh (150,um). The isolated cells were washed
three times at 4 °C by centrifugation for 10 min at 50 g
and subsequent resuspension in L- 15 medium without
collagenase. The final cell pellet was suspended in L- 15
medium containing 10% fetal-calf serum. The viability
of the cells was over 90 %, as judged by the exclusion of
Trypan Blue. The cells were plated in 35 mm-diam.
collagen-coated plastic tissue-culture dishes at a density
of 1.5 x 106 cells/dish, in L-15 medium containing
25 mM-Hepes (pH 7.4) and 10% fetal-calf serum. After
4 h at 37 °C under a humidified-air atmosphere to allow
cell attachment, the medium was changed to a serum-
and glucose-free medium consisting of L-15 medium
(modified to omit galactose) containing 25 mM-Hepes
(pH 7.4), 1 % bovine serum albumin and 0.1 M-insulin.
After an additional 20 h culture at 37 °C under a
humidified-air atmosphere, the medium was removed,
and the cells washed with Dulbecco's phosphate-buffered
saline (GIBCO), and used for experimental purposes.

Experimental incubations were performed at 37 °C in
Krebs-Ringer bicarbonate (pH 7.4) containing 1 %
bovine serum albumin with or without 0.1 M-insulin
and other additions as indicated. The incubation
medium was thoroughly gassed with 02/CO2 (19: 1)
before addition to the washed cells. Experimental
incubations were conducted in a humidified atmosphere
of air/CO2 (19: 1). After suitable periods of incubation,
the medium was aspirated and the cells were washed
several times with ice-cold phosphate-buffered saline and
then dissolved in 1 M-NaOH. Samples of these cell
solutions were analysed for protein by the method of
Lowry et al. [15]. Another portion of the cell solution,
after the addition of oyster glycogen as carrier, was
mixed with 2 vol. of ethanol and left for several hours at

4 'C. The glycogen pellet obtained after centrifugation
was dissolved in water, and the glycogen was again
precipitated with ethanol. After centrifugation, this
pellet was redissolved in water, and samples of this
aqueous solution were measured for radioactivity. A
third portion of the alkaline cell solution was used for the
determination of glycogen mass: the solution was heated
at 100 'C for 30 min to destroy free glucose, cooled to
room temperature, and then acidified with HCI (final
concn. 1 M). This acidified solution was heated at 100 'C
for 60 min to hydrolyse the glycogen. After neutrali-
zation, samples of this solution were used for the
determination of glucose by a fluorimetric procedure
using hexokinase/glucose-6-phosphate dehydrogenase
[16].

Glucose 6-phosphate was measured in neutralized
HC104 extracts of cells by a similar procedure, with the
omission of hexokinase [16]. Glycogen synthase was
measured as described by Thomas et al. [17], and
phosphorylase a was measured in the direction of
glycogen degradation as described by Lowry et al. [18],
or in the direction of glycogen synthesis as described by
Gilboe et al. [19]. Statistical analyses made use of
analysis of variance (with least significant difference) or
Student's t test, as appropriate. Curve fitting was
performed with Asystant software programs (MacMillan
Software Co.).

RESULTS
Hepatocytes isolated from starved rats and maintained

in primary culture with medium lacking both glucose
and serum responded to the administration of glucose, in
the presence of insulin, with net deposition of glycogen
(Table 1). This accumulation of glycogen occurred at low
concentrations of glucose (5-10 mM), and in the absence
of exogenous gluconeogenic precursors. In the experi-
ments reported in Table 1, the ratio of nmol of [14C]-
glucose to nmol of glucosyl units in newly deposited
glycogen was about 1, indicating that glucose was the
sole source of glycogenic carbon in these cells. Similar
data were obtained when [14C]fructose was used as
glycogenic precursor. These data are not surprising,
given that glucose or fructose was the sole exogenous
carbon source in these incubations. It might therefore be
concluded that the contributions to glycogen synthesis of
the intracellular gluconeogenic substrate pools is
negligible under our incubation conditions. The con-
comitant administration of unlabelled fructose with
[14C]glucose resulted in a substantial increase in both
the incorporation of radioactivity into glycogen and in
the accumulation of glycogen mass as compared with
that noted from glucose alone. The ratio of [14C]glycogen
to net glycogen accumulation was 0.4-0.5, indicating
that approximately half the glycogen was derived from
glucose.
The addition of 5 mM-fructose to incubation media

containing different concentrations of [U-'4C]glucose
consistently resulted in 2-3-fold increases in the
incorporation of radioactivity from glucose into glycogen
compared with that seen with glucose alone (Fig. 1). This
stimulatory effect of fructose was noted both in the
absence and in the presence of insulin, and was maximal
at 5 mM-fructose; the addition of fructose at concen-
trations above 5 mm failed to enhance further the use
of ['4C]glucose for glycogen synthesis (Fig. 1). The

1988

796



Glucose, fructose and hepatic glycogen

Table 1. Glycogenic utilization of 14Clglucose and 14Cifructose in primary cultures of hepatocytes

Incubations were performed in Krebs-Ringer bicarbonate/1 %albumin/0. 1 FM-insulin with additions as listed for 3 h at
37 'C. Each value is the mean+ S.E.M. for five or six dishes of cells. Net glycogen deposition was calculated by subtraction of the
mean of the initial glycogen content (47.5 + 1.9 nmol of glucosyl units/mg of cell protein; n = 9; determined from identical dishes
of cells not exposed to incubation with sugars) from the final content of glycogen in each individual dish of cells after incubation
with the labelled sugars. * Significantly different (P < 0.005) from the initial glycogen content determined in identical dishes of
cells not exposed to the incubation conditions (47.5 + 1.9 nmol of glucosyl units/mg of cell protein). t Not significantly different
from 1 (P > 0.05). $ Significantly different from 1 (P < 0.005).

14C substrate Ratio
converted into glycogen Total glycogen deposited 14C incorporation

Incubation (nmol/mg of cell protein) (nmol of glucosyl units) net glucosyl units deposited

Expt. 1
5 mM-[14C]Glucose
10 mM-[14C]Glucose
5 mM-[14C]Glucose
+5 mM-fructose

Expt. 2
S mM-[14C]Fructose
10 mM-[14C]Fructose
S mM-[14C]Fructose
+5 mM-glucose
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94.6+ 14.0*
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178.9+ 14.3*
235.0+ 13.5*

l.0+0.lOt
1.13 + 0.18t
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0.90+0.12
1.13 _0.20t
0.36+ 0.04t

Total hexose concn. (mM)

Fig. 1. Effect of fructose on the glycogenic utilization of [U-_4Cjglucose in primary cultures of hepatocytes from fasted rats

O:, With different concentrations of [U-14C]glucose alone; M, with 5 mM-fructose plus different concentrations of
[U-14C]glucose; A, with 5 mM-[U-14C] glucose plus different concentrations of fructose. (a) Incubations in the absence of insulin.
(b) Incubations in the presence of 0.1,uM-insulin. Each point is the mean+s.D. for five dishes of cells.

addition of 5 mM-glucose to incubation media containing
[U-14C]fructose resulted in a stimulation of approx. 50%
of the incorporation of radioactivity from fructose into
glycogen. This stimulation was noted only when fructose
was present at 5 mM (Fig. 2); at concentrations of
fructose greater than 5 mm, glucose was unable to
enhance the glycogenic utilization of fructose. At
constant hexose concentrations, the total incorporation
of "4C into glycogen, as well as the total accumulation of
glycogen mass, from fructose and glucose when present
together generally exceeded that observed when either
substrate was present alone.
3H from [3-3H]glucose is lost during catabolism of

glucose to the triose level [20]; thus the ratio of 3H/14C
in glycogen relative to that of [3-3Hl,[U-_4C]glucose

initially present in the incubation medium can be used to
estimate the contributions of the direct and the indirect
glycogenic pathways to overall glycogen synthesis [7-11].
On exposure to [3-3H], [U-14C]glucose, the 3H/'4C relative
ratio in glycogen formed in cells which had been isolated
from starved rats and cultured in the absence of glucose
was 0.3-0.4 (Table 2). Since under our experimental
conditions the carbon in the newly synthesized glycogen
is derived almost entirely from exogenously administered
glucose (Table 1), this indicates a significant degree of
catabolism of glucose to at least the triose level before the
incorporation of the glucose carbon into glycogen. The
addition of fructose to the incubation medium resulted in
an enhancement of the incorporation of glucose carbon
into glycogen; however, fructose had no apparent effect
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Fig. 2. Effect of glucose on the glycogenic utilization of WU-_4Cfructose in primary cultures of rat hepatocytes from fasted rats

O, With different concentrations of [U-14C]fructose alone; *, with S mM-glucose plus different concentrations of
[U-14C]fructose; A, with 5 mM-[U-14C]fructose plus different concentrations of glucose. (a) Incubations in the absence of insulin.
(b) Incubations in the presence of 0.1 SM-insulin. Each point is the mean + S.D. for five dishes of cells.

Table 2. Effect of fructose on the incorporation of 13-3HJ,jU-'4Clglucose into glycogen in primary cultures of hepatocytes from starved
rats

Incubations were performed in Krebs-Ringer bicarbonate/I % albumin with additions as indicated for 3 h at 37 'C. Each value
is the mean+S.E.M. for five or six dishes of cells. t Significantly different (P < 0.005) from the amount of glycogen
(12.9 + 0.8,g/mg of cell protein) in cells before incubation.

['4C]Glucose
in glycogen Total glycogen 3H/14C relative

Incubation (nmol/mg of cell protein) (jug/mg of cell protein) ratio in glycogen*

No insulin
5 mM-Glucose
10 mM-Glucose
5 mM-Glucose
+5 mM-fructose

+ 0.1 uM-insulin
S mM-Glucose
10 mM-Glucose
S mM-Glucose
+ 5 mM-fructose

4.9 +0.2
17.4+1.2
19.8 + 0.6

24.1 +0.6
69.0+3.1
45.8 +1.6

13.5+ 1.8
28.5 + 1.5t
24.8 +0.3t

18.0+0 9t
25.9 + 0.7t
27.2+2.3t

0.365 + 0.005
0.367 + 0.006
0.379+0.007

0.346+0.008
0.352+0.004
0.364+ 0.002

* Ratio of 3H/14C in glycogen relative to that of the glucose initially in the incubation medium.

on the 3H/14C relative ratio in the newly synthesized
glycogen (Table 2). It therefore appears that fructose is
able to enhance the use of glucose for glycogen synthesis
not only by the indirect pathway (that path that fructose
itself must traverse for glycogenesis), but also by the
direct mechanism. This is further evident in the sub-
stantial enhancement by fructose of the incorporation of
2-deoxyglucose into glycogen (Table 3). The direct
pathway is the only route by which 2-deoxyglucose can
be incorporated into glycogen [10].

Studies on the mechanism of fructose enhancement of
the use of glucose for glycogen synthesis

Incubation of the rat hepatocytes maintained in
primary culture with 10 mM-glucose and 5 mM-fructose
did not affect, as compared with similar incubations with
15 mM-glucose or 15 mM-fructose alone, either the

amount of 'active' glycogen synthase (enzyme activity in
absence of glucose 6-phosphate) or intrahepatocyte con-
centrations of glucose 6-phosphate (Table 4). Although
it has been suggested that activation of glycogen synthase
may play a role in increased glycogen deposition in
response to fructose [21], others consider this not to be
the case [13]. Our data tend to support the latter view.
In our cells, the activity of phosphorylase a was
decreased; this decrease was greater in incubations
containing glucose than in those with fructose alone.
Addition of fructose 1-phosphate (final concn. 10 mM) in
assays of glycogen synthase in cell extracts had no effect
on the activity of the enzyme either in the absence or in
the presence of the effector glucose 6-phosphate. How-
ever, the ability of phosphorylase a in these extracts to
degrade glycogen was dramatically inhibited by fructose
1-phosphate (Fig. 3). This phosphorylated intermediate
has been shown to be a competitive inhibitor of
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Table 3. Effect of fructose on the incorporation of
2-deoxyglucose into glycogen in primary cultures
of.hepatocytes from fasted rats

Data are means + S.E.M. for six dishes of cells. All values
are normalized with respect to mg of cell protein.
Incubations in this experiment were carried out in
Krebs-Ringer bicarbonate/i % bovine serum albumin/
0.1 /M-insulin for 3 h. Cells were incubated with the
indicated concentrations of 2-deoxy[G-3H]glucose in the
absence or presence of 5 mM-[U-14C]fructose. Amounts of
the respective sugars in glycogen were calculated from
the extent of 3H and 14C labelling of the glycogen, and
the specific radioactivities of the administered sugars.
*Significantly different (P < 0.001) from control in the
absence of 2-deoxyglucose.

2-Deoxyglucose in
glycogen (nmol)

Concn. of Fructose in
2-deoxyglucose in + fructose glycogen
incubation (mM) - fructose (5 mM) (nmol)

0 - - 57.9+2.4
5 1.5 +0.1 7.6+0.9 85.6 + 3.7*

10 2.5+0.2 18.6+1.7 90.6+4.4*
15 4.0+0.2 18.7+2.2 77.1 +3.0*

Table 4. Effect of incubation of cultured hepatocytes with
glucose and fructose on various glycogenic parameters

Incubations were performed for 2 h in Krebs-Ringer
bicarbonate containing 1 % bovine serum albumin and the
additions as listed below. Cells were harvested by scraping
into incubation buffer [20 mM-Tris (pH 7.9, 4 C) con-
taining 50 mM-KF, 2 mM-EDTA and 2 mM-dithiothreitol]
and frozen on solid CO2. After thawing, the cells were
homogenized with a Polytron (setting 8) for 2 min, then
centrifuged at 12-000g for 15 min. Portions of the
supernatant were used for the assays below as described in
the Materials and methods section. '% I' refers to the
enzyme activity in the absence of glucose 6-phosphate.

Glucose 6-
Glycogen phosphate
synthase Phosphorylase a (nmol/mg of

Incubation (%I) (% of initial) cell protein)

None 38 100 0.27+0.05
15 mM-Glucose 38 + 3 61 + 3 0.27+0.02
15 mM- 40+3 81+8 0.31+0.03
Fructose
10 mM-Glucose 38+2 60+4 0.27+0.02
+ 5 mM-
fructose

phosphorylase with respect to Pi [22,23]. In the present
work, we have confirmed fructose 1-phosphate to be a
potent inhibitor of phosphorylase a, with a K, of
1. +0.1 mM at physiological concentrations of P1
(4-5 mM).
When the glycogen in cultured hepatocytes was labelled

by preincubation with 10 mM-[U-4C]glucose in the
absence or the presence of 5 mm unlabelled fructose, and
then the incubation was continued in the presence of
identical concentrations of unlabelled substrate, the loss
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Fig. 3. Effect of fructose 1-phosphate on the activity of
phosphorylase a in crude extracts prepared from isolated
hepatocytes

Hepatocytes in primary culture were washed and scraped
into 0.25 M-sucrose / 0.1 M-KF / 5 mM-EDTA, pH 7.0,
rapidly frozen on solid CO2, and thawed. After centri-
fugation at 12000 g for 15 min, the supernatants were used
for assay. Phosphorylase a was measured in the direction
of glycogen breakdown [18] in the presence of 4 mM-P1.
The activity of phosphorylase a was 30.9 +2.7nmol/min
per mg in the absence of fructose 1-phosphate. The
continuous line is calculated for inhibition competitive
with respect to Pi, with a K, of 1.1 mm. Results are
means+ S.D. (n = 3).

of radioactivity in glycogen in cells preincubated with
glucose alone was much greater than that noted in cells
incubated with glucose in the presence of fructose (Fig.
4a). Parallel incubations indicated that the loss of
radioactivity in prelabelled glycogen (in the absence of
fructose) occurred concomitantly with the continued
incorporation of carbon from glucose into glycogen
(Fig. 4b).

DISCUSSION
Glucose alone has been considered to be a rather poor

precursor for glycogen synthesis in perfused liver [24] or
in isolated hepatocytes [5,6,25]. In contrast, substantial
glycogen deposition is noted in these systems when
glucose and gluconeogenic substrates such as fructose
are administered simultaneously. Indeed, it has been
proposed that gluconeogenic precursors, and not glucose,
serve as the major carbon source for glycogen repletion
in fasted animals on re-feeding [7-9]. It has therefore
become apparent that hepatic glycogen synthesis can
proceed by two pathways, a direct mechanism which
does not require the initial catabolism of glucose and an
indirect pathway which uses gluconeogenic precursors.
Since it has been found that isolated hepatocytes use
glucose as a substrate for both ofthe glycogenic pathways
[10,11], we decided to study the effect of a substrate
which is able to traverse only one of the glycogenic paths
on the use ofglucose for glycogen synthesis in hepatocytes
in primary culture.

Fructose is an excellent substrate for hepatic carbo-
hydrate metabolism: it is a better gluconeogenic pre-
cursor than lactate [25] and is considered to be a more
efficient carbon source for glycogen synthesis than
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Fig. 4. Turnover of glycogen in primary cultures of rat hepatocytes incubated with 10 mM-glucose in the absence (El) or the presence

(-) of 5 mM-fructose

(a) Cell glycogen was labelled with 10 mM-[Ul4C]glucose in the absence or the presence of 5 mm unlabelled fructose for 30 min.
Incubations were then continued in the presence of identical concentrations of unlabelled substrates. (b) Cells were incubated
with 10 mm unlabelled glucose in the absence or the presence of 5 mm unlabelled fructose for 30 min. Incubations were then
continued with 1O mM-[U-14Cqglucose in the absence or the presence of 5 mm unlabelled fructose. Each point is the mean+ S.D.
for five dishes of cells. All values were nonnalized for mg of cell protein.

glucose [6]. Since fructose enters the glycolytic/gluco-
neogenic pathways at the level of triose phosphate [26],
glycogen synthesis from this ketohexose must arise
entirely via the indirect mechanism. With rat hepatocytes
in primary culture, we found that fructose was a more
effective glycogenic substrate than glucose at low
concentrations of the hexoses (< 10 mM). When glucose
(5 mM) and fructose (5 mM) were administered simul-
taneously to cultured hepatocytes, glycogen deposition
was 3-5 times that with equivalent concentrations of
either substrate alone. Under these conditions the
glycogen was formed from approximately equal amounts
of carbon from fructose and from glucose (Table 1); this
result implies (i) a synergism in glycogen synthesis in the
presence of the two substrates and (ii) that both glucose
and fructose are equally good sources of glycogenic
carbon during active glycogen deposition. Although
fructose is incorporated into glycogen only by the indirect
pathway, glucose can traverse either or both the indirect
and the direct glycogenic pathways in cultured hepato-
cytes [10,11]. The concomitant presence of fructose
enhances equally well the use of glucose for glycogen
synthesis by both pathways, as indicated by the un-
changed 3H/14C relative ratios in glycogen deposited in
cells exposed to [3-3H],[U-'4C]glucose in the absence or
in the presence of fructose.
The ability of fructose to enhance glycogen synthesis

via the direct route is particularly evident from our
experiments with 2-deoxyglucose (Table 4). This glucose
analogue can be taken up by a number of tissues and
phosphorylated to 2-deoxyglucose-6-phosphate. This
latter compound is unable to serve as a substrate for
either glucose-6-phosphate dehydrogenase or phospho-
glucose isomerase, and therefore cannot be further

metabolized by the pentose phosphate route or by the
glycolytic pathway. However, 2-deoxyglucose can be
incorporated into hepatic glycogen [10,27]. Since it
cannot be metabolized to C3 intermediates via glycolysis,
any glycogenic use of 2-deoxyglucose must be by the
direct mechanism. The presence of fructose resulted in
5-fold increase in the incorporation of 2-deoxyglucose
into glycogen compared with that seen with 2-deoxy-
glucose alone. It is also of particular interest that
2-deoxyglucose promoted a consistent 50% increase in
the incorporation of fructose carbon into glycogen.
Enhanced glycogen synthesis in the presence ofglucose

and gluconeogenic substrates as compared with that in
the presence of glucose alone has been described for
perfused liver [6,13,24], isolated hepatocytes [5,6,25]
and in primary cultures of hepatocytes (the present
work). However, in previous studies the source of
glycogenic carbon was not determined. We have demon-
strated a synergism of glucose and the gluconeogenic
substrate fructose in glycogen synthesis; the presence of
fructose greatly stimulates the incorporation of carbon
from glucose into glycogen, and the presence of glucose
enhances the glycogenic utilization of fructose carbon, as
compared with that seen in the presence of either glucose
or fructose alone. Wood et al. [12] estimated that about
30% of the glucosyl units used for glycogen synthesis
could arise from fructose in isolated hepatocytes exposed
to 30 mM-glucose/2 mM-fructose. Although we have
employed rather different experimental conditions, we
find that fructose provides a strikingly similar value of
36-40% of the glycosyl units in newly deposited glycogen
in cultured hepatocytes exposed to equimolar glucose
and fructose (Table 1). It has been recently suggested, on
the basis of kinetic modelling studies [13], that the
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increased hepatic glycogen deposition in the presence of
glucose and gluconeogenic substrates may be the result
of decreased degradation of the polysaccharide. (After
submission of the present manuscript, Youn et al. [28]
presented evidence that fructose acts to inhibit
phosphorylase and thereby promote net glycogen depo-
sition in perfused liver.) Such a possibility is consistent
with the known inhibition of phosphorylase by inter-
mediates such as fructose 1-phosphate [22,23]. In the
present work we provide experimental evidence for this
possibility. In hepatocytes in primary culture, glycogen
is in a dynamic state; degradation of newly laid-down
glycogen occurs concomitantly with continued active
incorporation of carbon into glycogen. The extent of
glycogen deposition is therefore a function of the relative
rates of synthesis and degradation of the polysaccharide.
With glucose alone as glycogenic substrate, this degra-
dation was such that approx. 50% of the carbon
incorporated into glycogen during the labelling period
was removed after an additional 2.5 h incubation. In the
presence of fructose and glucose, however, no loss of
prelabelled glycogen was noted. Since the activity
of glycogen synthase in cells exposed to glucose and
fructose was similar to that in cells exposed to glucose
alone, it thus appears that glycogen degradation is
substantially diminished in the former situation. The
activity of phosphorylase a was the same in both
incubation conditions; indeed the activity of this enzyme
was lower in cells exposed to glucose (with or without
fructose) than in cells exposed to fructose alone. The
diminished degradation of glycogen in hepatocytes
exposed to glucose/fructose is thus unlikely to be due to
covalent modification of phosphorylase. Administration
of fructose results in a rapid accumulation of fructose 1-
phosphate in liver, up to 10 ,mol/g [26]. Our studies
have indicated that fructose 1-phosphate (at 10 mm-
concn.) has no effect on the activity of glycogen synthase
in vitro. However, under similar conditions, phos-
phorylase a is inhibited to a significant extent (up to 80%
inhibition of phosphorylase by fructose 1-phosphate,
(ii) covalent inactivation of phosphorylase induced by
the binding of glucose and subsequent action of
phosphorylase phosphatase [29,30], and (iii) activation of
present simultaneously. On the basis of the information
in the present report, we consider that this enhanced
glycogenesis results from the combination of (i) allosteric
inhibition of phosphorylase by fructose 1-phosphate, (ii)
covalent inactivation of phosphorylase induced by the
binding of glucose and subsequent action of phos-
phorylase phosphatase [29,30], and (iii) activation of
glycogen synthase by a synthase phosphatase, owing to a
decrease in the amount of its inhibitor, phosphorylase a
[29,30]. Either substrate alone can induce only part of the
total effect described. The observed synergism of glucose
and fructose for glycogenesis results from a combination
of the above three phenomena: fructose enhances the
incorporation of glucose into glycogen by an inhibition
of phosphorylase; glucose enhances the use of fructose
for glycogenesis by inducing a covalent modulation of
phosphorylase activity with a subsequent activation of
glycogen synthase. Since the last two phenomena also
occur in the presence of glucose alone, but not in the
presence of fructose alone [26], and since fructose is a
more efficient glycogenic substrate than is glucose, we
must conclude that the inhibition of phosphorylase a by
fructose 1-phosphate plays a major role in the increased

hepatic glycogen deposition noted in the concomitant
presence of glucose and fructose.
The repeated observation that glucose appears to be a

rather poor precursor for glycogen synthesis in isolated
liver systems [5,6,24,25] has been ascribed to an
insufficient capacity of the hepatocyte to phosphorylate
glucose [9,31]. This contention is controversial; a
number of groups have demonstrated that the activity of
hepatic glucokinase is more than sufficient to support the
rates of glycogen synthesis observed in vivo [13,32,33].
We consider that the low net glycogen synthesis from
glucose in these systems is due, in large part, to an
incomplete inhibition of glycogen degradation under
these conditions. We therefore conclude that glucose
must be considered a major, perhaps the major, substrate
for hepatic glycogen synthesis, whether by the direct path
or by the indirect mechanism after the initial intra-
hepatocyte metabolism of glucose to at least the triose
level.
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