
Glucokinase, the enzyme catalysing glucose phos-
phorylation in the liver and in pancreatic islets, plays
a central role in blood glucose homeostasis [1±3]. In
the liver, its activity is not only modulated by the con-
centration of its hexose-substrate but also by a regu-
latory protein that binds and inhibits glucokinase
competitively with respect to glucose. In mammals,
the action of the regulatory protein is reinforced by
fructose 6-phosphate and its analogues sorbitol 6-
phosphate and mannitol 1-phosphate, and suppressed
by fructose 1-phosphate [4]. The regulatory protein

accounts for the fact that glucokinase activity, as mea-
sured by the detritiation of [2-3H]glucose, increases in
rat hepatocytes in response to fructose or other
agents (sorbitol, D-glyceraldehyde) that give rise to
fructose 1-phosphate [5]. The regulatory protein
should also mediate an inhibitory effect of fructose
6-phosphate on the phosphorylation of glucose but
this inhibitory effect is difficult to demonstrate. This
is because glucose-6-phosphatase catalyses an ex-
change reaction between glucose and glucose 6-phos-
phate, which partly accounts for the detritiation of
[2-3H]glucose and which intensifies when the concen-
tration of hexose 6-phosphates increases, masking
therefore the reinforcement of the inhibition by the
regulatory protein [6].

Recent work indicates that glucokinase is present
in the nucleus of hepatocytes incubated in the pres-
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Summary When tested in the presence of an inhibitor
of sorbitol dehydrogenase, both mannitol and sorbi-
tol caused a progressive inhibition of the detritiation
of [2-3H]glucose in isolated rat hepatocytes. The pur-
pose of the present work was to investigate the pos-
siblity that this effect was mediated by the regulatory
protein of glucokinase. When added to hepatocytes,
mannitol decreased the apparent affinity of glucoki-
nase for glucose and increased the concentration of
fructose required to stimulate detritiation, without
affecting the concentration of fructose 1-phosphate.
Its effect could be attributed to the formation of man-
nitol 1-phosphate, a potent agonist of the regulatory
protein, which, similarly to fructose 6-phosphate, re-
inforces its inhibitory action. Formation of mannitol
1-phosphate in hepatocytes was dependent on the
presence of mannitol and was stimulated by com-
pounds that increase the concentration of glucose 6-

phosphate. Liver extracts catalysed the conversion
of mannitol to mannitol 1-phosphate about 7 times
more rapidly in the presence of glucose 6-phosphate
than of ATP. The glucose 6-phosphate-dependent for-
mation was entirely accounted for by a microsomal
enzyme, glucose-6-phosphatase and was not due to a
loss of latency of this enzyme. In hepatocytes in pri-
mary culture, mannitol decreased the detritiation
rate and counteracted the effect of fructose to stimu-
late glucokinase translocation. Taken together, these
results strongly support a central role played by the
regulatory protein in the control of glucokinase activ-
ity and translocation in the liver, as well as a feedback
control exerted by fructose 6-phosphate on this en-
zyme. [Diabetologia (1998) 41: 947±954]
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ence of a low concentration of glucose and that it mi-
grates to the cytosol in response to an increase in the
concentration of this sugar or to the addition of
agents (fructose, sorbitol, glyceraldehyde) giving rise
to fructose 1-phosphate [7±12]. In contrast, the regu-
latory protein appears to remain in the nucleus under
these conditions [11, 13]. These observations suggest
that the regulatory protein plays the role of a nuclear
anchor for glucokinase. Due to its effect on the regu-
latory protein, fructose 6-phosphate could also be ex-
pected to participate in the control of glucokinase
translocation but the difficulty of modifying its con-
centration independently of that of fructose 1-phos-
phate has, up to now, hindered experiments to show
this participation.

We recently observed that, when tested in the
presence of SDI 158 (an inhibitor of sorbitol dehy-
drogenase [14] that efficiently blocks the formation
of fructose 1-phosphate from sorbitol [12]) both sor-
bitol and mannitol inhibited detritiation of [2-3H]glu-
cose in isolated rat hepatocytes. A potential explana-
tion for these effects is that they are mediated by sor-
bitol 6-phosphate and mannitol 1-phosphate acting
by binding to the regulatory protein of glucokinase.
The purpose of the present work was to investigate
this hypothesis.

Materials and methods

Materials. Mannitol (ªfor biochemistryº grade) was from
Merck (Darmstadt, Germany). SDI 158 [2-hydroxymethyl-4-
(4-N,N-dimethylamino-1-piperazino) pyrimidine] was a kind
gift of Dr. Geisen (Hoechst, Frankfurt/Main, Germany).
Collagenase and auxiliary enzymes were from Boehringer
(Mannheim, Germany). Mannitol 1-phosphate dehydrogena-
se was purified from E. coli as described by Klungsùyr [15].
The sources of other materials were as described previously
[12].

Isolation and incubation of hepatocytes. Hepatocytes were iso-
lated from the liver of fed male Wistar rats weighing 300±340
g, by a modification [16] of the method of Seglen [17]. The cells
were resuspended in a Krebs-Henseleit bicarbonate buffer at a
final concentration of 10±16 g protein/l. Aliquots (2 ml) of this
suspension were incubated at 37 °C in 20 ml vials equilibrated
with a 95 % O2±5 % CO2 gas phase. The substrates were added
after a preincubation of 10±20 min in the presence of 5 mmol/l
glucose.

The incubations were stopped at the indicated times by
mixing 1 ml of the cell suspension with 0.5 ml 10 % perchloric
acid and the resulting extracts were used for the measurement
of 3H2O [18], fructose 1-phosphate [19] and mannitol 1-phos-
phate [20]. For the assays of hexose 6-phosphates (glucose 6-
phosphate + fructose 6-phosphate, which were always found
to be close to their thermodynamic, 3/1, equilibrium) [21], the
cells were separated from the medium by centrifugation in
tubes containing 0.5 ml silicone oil on top of 0.5 ml 10 % (w/v)
perchloric acid [22].

For the experiments shown in Figure 9, hepatocytes were
cultured and glucokinase translocation was measured as previ-
ously described [7, 12].

Partial purification and assay of phosphoglucose isomerase.
For the partial purification of phosphoglucose isomerase, the
liver of one rat was homogenised in 2 volumes of a medium
containing 20 mmol/l HEPES, pH 7.1, 100 mmol/l KCl,
1 mmol/l dithiothreitol, 10 mg/l leupeptin and 10 mg/l antipain.
The homogenate was centrifuged for 10 min at 10 000 ´ g and
the resulting extract (25 ml) was used to prepare a 5±20 %
poly(ethyleneglycol) 6000 fraction [5]. This fraction was resus-
pended in 8 ml of 20 mmol/l HEPES pH 6.2 containing
1 mmol/l dithiothreitol and 10 mg/l leupeptin and antipain,
and applied onto a column (1.6 ´ 15 cm) of SP-Sepharose
Fast-Flow equilibrated in the same buffer. Protein was eluted
by application of a 0±500 mmol/l KCl gradient in the same
buffer. The most active fractions were used to study the kinetic
properties. The enzyme was purified about 100-fold compared
to the initial extract and the yield was about 25 %.

Phosphoglucose isomerase was assayed spectrophotometri-
cally at 30 °C in a mixture (1 ml) containing 50 mmol/l Tris-
HCl, pH 7.8, 50 mmol/l KCl, 5 mmol/l MgCl2, 0.5 mmol/l fruc-
tose 6-phosphate, 0.6 mmol/l NAD + and 5 mg/l glucose 6-
phosphate dehydrogenase from Leuconostoc mesenteroides.

Study of the formation of mannitol 1-phosphate in cell-free ex-
tracts. The livers from fed rats were homogenised with 3 vol-
umes of an ice-cold medium containing 25 mmol/l HEPES,
pH 7.1, 25 mmol/l KCl, 0.25 mol/l sucrose, 10 mg/l antipain
and 10 mg/l leupeptin in a Potter-Elvehjem apparatus and the
homogenate was centrifuged for 10 min at 11 000 ´ g. The re-
sulting supernatant (extract) was centrifuged at 50 000 ´ g for
45 min; the high-speed supernatant was removed and the mi-
crosomal pellet was resuspended in a volume of homogenisa-
tion buffer equal to that of the supernatant. Washed micro-
somes were obtained by recentrifuging the latter fraction and
resuspending it in fresh medium. Incubations were started by
adding 300 ml of liver extract, high-speed supernatant or pellet
to an incubation mixture containing 50 mmol/l HEPES pH 7.1
and the indicated concentrations of mannitol, glucose 6-phos-
phate or glycerol 3-phosphate in a final volume of 3 ml. At dif-
ferent times (usually 5, 10, 20 and 40 min), samples were mixed
with 0.5 vol 10 % (w/v) perchloric acid and centrifuged; the su-
pernatant was neutralized with K2CO3 and used for the assay
of mannitol 1-phosphate or hexose 6-phosphates.

Statistical analyses. These were performed using Student's t
test for paired data. Note that in some figures, SEM values
are not visible because they are smaller than the size of the
symbols.

Results

Inhibitory effects of mannitol and sorbitol on the detri-
tiation of [2-3H]glucose. We previously showed that
commercial mannitol is contaminated by about 1%
sorbitol, which is converted to fructose and fructose
1-phosphate and, therefore, stimulates glucokinase
activity in isolated hepatocytes [12]. This effect can
be prevented by the addition of SDI 158, a powerful
inhibitor of sorbitol dehydrogenase [14]. When tested
under this condition, both sorbitol and mannitol at a
concentration of 30 mmol/l caused a progressive inhi-
bition of glucose detritiation, which decreased to
about 30±40% of the control value after 55 min
(Fig.1). The polyols exerted a half-maximal effect at
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concentrations of 7 and 10 mmol/l, respectively
(Fig.2).

The effect of mannitol was further investigated in
the following experiments. Detritiation was mea-
sured at different concentrations of glucose to deter-
mine the type of inhibition exerted by the polyol on
glucokinase. As is apparent in Figure 3, the inhibitory
effect of 30 mmol/l mannitol decreased from a value
of about 45 % at 5 mmol/l glucose to about 20% in
the presence of 100 mmol/l of this hexose, suggesting
that the polyol decreased the apparent affinity of glu-

cokinase for glucose. The data shown in Figure 3 also
suggest that mannitol decreased somewhat the Vmax
of detritiation.

Since the change in affinity for glucose could be
due to an increase in the inhibition exerted by the
regulatory protein, we tested the effect of different
concentrations of fructose both in the absence and in
the presence of mannitol (Fig.4). The ketose stimu-
lated detritiation under both conditions but, remark-
ably, more fructose was needed to reach a half-maxi-
mal effect in the presence of mannitol than in its ab-
sence (Fig.4A) despite the fact that the fructose 1-
phosphate concentrations were comparable under
both conditions (Fig.4B). The inhibition exerted by
mannitol decreased from about 50 % in the absence
of fructose to about 15% in the presence of
500 mmol/l fructose, indicating that the ketose coun-
teracted the effect of mannitol to a large extent,
though not completely.

Presence of mannitol 1-phosphate in cells incubated
with mannitol. The results described above suggested
that the effect of the regulatory protein in cells incu-
bated with mannitol was reinforced by a compound
that counteracted the effect of fructose 1-phosphate.
A potential mediator was mannitol 1-phosphate,
which, as mentioned above, has fructose 6-phos-
phate-like effects on the purified regulatory protein
[23]. Using a specific enzymatic assay [20], we found
that the addition of mannitol to hepatocytes resulted
in the appearance of mannitol 1-phosphate in the
cells (Fig.5). This formation was not significantly af-
fected by SDI 158. From the data shown in Figure 5,
and assuming that the intracellular water amounts to
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Fig.1. Time-course of the effect of mannitol and sorbitol on
the rate of detritiation of [2-3H]glucose in isolated hepato-
cytes. Suspensions of hepatocytes were preincubated for
20 min in the presence of 5 mmol/l glucose with (closed sym-
bols) or without (open symbol) 1 mmol/l SDI 158 before addi-
tion of 30 mmol/l mannitol (X) or sorbitol (&). [2-3H]Glucose
was added at various times after this addition and the incuba-
tions arrested 10 min later. Results are means ± SEM for 4 ex-
perimental values. * different from control with 1 mmol/l SDI
158 (p < 0.05)

Fig.2. Effect of the concentration of mannitol and sorbitol on
the rate of detritiation of [2-3H]glucose in hepatocytes incubat-
ed in the presence of SDI 158. Suspensions of hepatocytes
were preincubated for 10 min in the presence of 5 mmol/l glu-
cose and 1 mmol/l SDI 158 before addition of the indicated
concentrations of polyol. [2-3H]Glucose was added 30 min lat-
er and the incubations arrested 10 min after this last addition.
Results are means ± SEM for 4 experimental values. * differ-
ent from control without polyol (p < 0.05)

Fig.3. Effect of the concentration of glucose on the rate of det-
ritiation of [2-3H]glucose in hepatocytes incubated with or
without mannitol. Hepatocytes were incubated with 5 mmol/l
glucose and 1 mmol/l SDI-158 for 10 min before addition of
30 mmol/l mannitol. [2-3H]glucose was added 30 min later to-
gether with cold glucose to reach the concentrations indicated.
The incubations were arrested 10 min after these last addi-
tions. Results are means ± SEM for 4 experimental values.
* different from control without mannitol (p < 0.05). The inhi-
bition exerted by mannitol is also presented



2 ml/g protein [6], we calculated that the mannitol 1-
phosphate concentration reached 70 and 125 mmol/l
after 40 min in the presence of 30 and 60 mmol/l man-
nitol, respectively.

Mechanism of the formation of mannitol 1-phosphate.
To identify the enzyme responsible for the phospho-
rylation of mannitol, we measured the formation of
mannitol 1-phosphate in hepatocytes incubated with
saturating concentrations of the substrates of glucoki-
nase, fructokinase and triokinase. We also tested the
effects of sorbitol and of glucosamine, an inhibitor of
glucokinase (Fig.6, Table 1). Figure 6 shows that the
mannitol 1-phosphate concentration increased pro-
gressively with time following mannitol addition, the
initial rate of formation being 0.02 mmol × min±1 × g
protein±1 in the presence of 5 mmol/l glucose and
0.035 mmol × min±1 × g protein±1 in the presence of
50 mmol/l glucose or in the presence of 5 mmol/l glu-
cose together with 20 mmol/l dihydroxyacetone. Re-
markably, glucose, fructose and dihydroxyacetone
did not inhibit but, rather, they increased the forma-
tion of mannitol 1-phosphate, whereas glucosamine
had the opposite effect (Table 1). These results ex-
cluded the possibility that one of the kinases men-

tioned above was responsible for the formation of
mannitol 1-phosphate.

Another enzyme that could be responsible for the
formation of mannitol 1-phosphate is glucose-6-phos-
phatase. This enzyme is indeed able to transfer a
phosphoryl group to various acceptors, including glu-
cose, mannitol and sorbitol [24]. Its Km for glucose 6-
phosphate (2 mmol/l according to [25]) is higher
than the concentration of this phosphate ester in liver
cells and its activity is therefore almost proportional
to the concentration of this substrate. We measured
the concentration of hexose 6-phosphates (sum of
glucose 6-phosphate and fructose 6-phosphate, which
are maintained close to their thermodynamic equilib-
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Fig.4. Effect of the concentration of fructose on the rate of
detritiation of [2-3H]glucose and on the concentration of fruc-
tose 1-phosphate in hepatocytes incubated with or without
mannitol. Hepatocytes were incubated with 5 mmol/l glucose
and 1 mmol/l SDI-158. Mannitol (30 mmol/l) was added after
10 min, fructose after 30 min and [2-3H]glucose after 40 min.
The incubations were arrested after 55 min. Results are means
± SEM for 4 experimental values. * different from control
without mannitol (p < 0.05)

Fig.5. Effect of the concentration of mannitol and of SDI 158
on the formation of mannitol 1-phosphate in isolated hepato-
cytes. Hepatocytes were incubated for 40 min with 5 mmol/l
glucose in the presence or in the absence of 1 mmol/l SDI 158
and of the indicated concentrations of mannitol. Results are
the means ± SEM for 4 experimental values. No difference be-
tween both conditions (p > 0.05)

Fig.6. Effect of glucose and dihydroxyacetone on the forma-
tion of mannitol 1-phosphate in hepatocytes incubated in the
presence of mannitol. Hepatocytes were preincubated for
10 min with 5 mmol/l glucose before addition of 60 mmol/l
mannitol with or without 20 mmol/l dihydroxyacetone or
45 mmol/l glucose. The incubations were arrested at the indi-
cated times after these additions. Results are the means ±
SEM for 4 experimental values. * different from control with
5 mmol/l glucose (p < 0.05)



rium) in the experiment shown in Table 1 and found
that there was indeed a direct relationship between
the concentration of mannitol 1-phosphate and that
of hexose 6-phosphates under all tested conditions
(Fig.7).

Formation of mannitol 1-phosphate in cell-free sys-
tems. When incubated with 200 mmol/l mannitol, rat
liver extracts catalysed the formation of mannitol 1-
phosphate at rates of 0.180 ± 0.036 and 0.026 ± 0.003
(n = 3) mmol × min±1 × g protein±1 protein in the pres-
ence of 10 mmol/l glucose 6-phosphate or 10 mmol/l
ATP-Mg, respectively, the rate being much lower
(0.007 ± 0.003 mmol × min±1 × g protein±1 protein) in
the absence of phosphate donor. After high-speed
centrifugation of the extract, all glucose 6-phos-
phate-dependent activity was recovered in the mi-
crosomal pellet and none in the supernatant.

As shown in Figure 8, formation of mannitol 1-
phosphate in washed microsomes was about 5 times
more rapid with glucose 6-phosphate than with man-

nose 6-phosphate, and Pi formation about 10 times
more rapid, indicating that the microsomes were la-
tent [26]. As expected, deoxycholate stimulated man-
nose 6-phosphate hydrolysis, which became then
comparable to glucose 6-phosphate hydrolysis. It
also stimulated the mannitol 1-phosphate formation
from glucose 6-phosphate and mannose 6-phosphate
by about 4 and 20-fold, respectively.

Other experiments (not shown) showed that the
formation of mannitol 1-phosphate with glucose 6-
phosphate as phosphoryl donor was proportional to
the concentration of mannitol, up to 200 mmol/l, and
that it was inhibited by about 50% with 200 mmol/l
glucose. Furthermore, the formation of mannitol 1-
phosphate was inhibited when the microsomes had
been preincubated at pH 5 for 10 min at 37 °C, a
treatment known to inactivate glucose-6-phosphatase
[27] or when vanadate, an inhibitor of this enzyme
[28], was included in the assays (not shown).

Effect of mannitol on the translocation of glucokinase.
It was of interest to check the effect of mannitol on
the translocation of glucokinase. Since these experi-
ments are best performed on hepatocytes in primary
culture [7], we first verified that mannitol inhibited
detritiation in this type of preparation. About 50%
inhibition was observed with cells incubated for 2 h
with 30 mmol/l mannitol and 1 mmol/l SDI 158 in
the presence of 5 mmol/l glucose (not shown).

As shown in Figure 9, preincubation of the cells
with 30 mmol/l mannitol did not significantly change
the basal and maximal degrees of translocation but
increased severalfold the concentration of fructose
required to observe intermediate effects.

Effect of mannitol 1-phosphate on the kinetics of
phosphoglucose isomerase. Since phosphoglucose
isomerase is responsible for the release of tritium
from [2-3H]glucose 6-phosphate [29], we tested the
effect of mannitol 1-phosphate, a fructose 6-phos-
phate analogue, on the activity of this enzyme. Par-
tially purified rat liver phosphoglucose isomerase dis-
played a Km of 0.05 mmol/l for fructose 6-phosphate;
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Table 1. Concentrations of mannitol 1-phosphate and hexose 6-phosphates in hepatocytes incubated in the presence of 60 mmol/l
mannitol and different substrates

Substrate Mannitol 1-phosphate Hexose 6-phosphates

5 mmol/l glucose 0.49 ± 0.03 0.66 ± 0.06
50 mmol/l glucose 1.08 ± 0.06a 1.75 ± 0.06a

5 mmol/l glucose + 20 mmol/l glucosamine 0.39 ± 0.06a 0.38 ± 0.04a

5 mmol/l glucose + 2 mmol/l fructose 0.71 ± 0.07a 0.77 ± 0.06
5 mmol/l glucose + 5 mmol/l fructose 0.96 ± 0.09a 0.97 ± 0.05a

5 mmol/l glucose + 5 mmol/l sorbitol 0.97 ± 0.09a 1.09 ± 0.06a

5 mmol/l glucose + 10 mmol/l dihydroxyacetone 0.93 ± 0.08a 1.24 ± 0.19a

5 mmol/l glucose + 20 mmol/l dihydroxyacetone 1.13 ± 0.12a 1.63 ± 0.13a

The cells were incubated for 10 min with 5 mmol/l glucose be-
fore addition of mannitol either alone or with the indicated
substrates. The incubations were arrested 40 min later. Results

are expressed in mmol/g protein and are means ± SEM for
n = 5 observations.
a different from control with 5 mmol/l glucose (p < 0.05)

Fig.7. Correlation between the concentrations of mannitol 1-
phosphate and hexose 6-phosphates in hepatocytes incubated
in the presence of 60 mmol/l mannitol and different substrates.
Same results as in Table 1. Co: Control (5 mmol/l glucose);
Fru: fructose; GlcN: glucosamine; Glc: glucose; Sor: sorbitol;
DHA: dihydroxyacetone



mannitol 1-phosphate behaved as a competitive in-
hibitor with a Ki of 0.06 mmol/l (not shown).

Discussion

Due to its prompt conversion to fructose and to fruc-
tose 1-phosphate in isolated hepatocytes, sorbitol
stimulates the activity of glucokinase and its translo-
cation to the cytosol. This effect is rapid and reaches
saturation at concentrations of the polyol in the order
of 50 mmol/l [5, 7, 8, 12], reflecting the high activities
of sorbitol dehydrogenase and fructokinase, as well
as the high sensitivity of the regulatory protein to
fructose 1-phosphate.

The effects of mannitol and of sorbitol that we re-
port in this work are slow and require elevated con-
centrations of the polyols. This is why they could
only be observed in the presence of SDI 158, which
completely prevents the otherwise rapid conversion
of sorbitol (a contaminant of all commercial prepara-
tions of mannitol [12]) to fructose 1-phosphate. These
effects cannot be attributed to a change in osmolarity,
since it was shown previously that 80 mmol/l galac-
tose, sucrose or trehalose did not affect detritiation
in hepatocytes incubated under similar conditions
[30]. They are actually the opposite of those of fruc-
tose 1-phosphate and can be attributed to mannitol
1-phosphate and sorbitol 6-phosphate, respectively.
These two potent analogues of fructose 6-phosphate
share with it the property of reinforcing the inhibitory
action of the regulatory protein on liver glucokinase,
with dissociation constants of 12 and 5 mmol/l, respec-
tively, as compared with 20 mmol/l for fructose 6-
phosphate [23]. If one assumes that fructose 6-phos-
phate accounts for about 25% of the hexose 6-phos-
phates present in hepatocytes, it can be calculated
from Table 1 that, in the presence of 60 mmol/l man-
nitol, the concentration of mannitol 1-phosphate ex-
ceeds that of fructose 6-phosphate by about two-
fold. Mannitol causes therefore a significant increase
in the intracellular concentration of compounds with
fructose 6-phosphate-like effect, thus promoting the
inhibition exerted by the regulatory protein.

Because of the lack of an appropriate methodolo-
gy, we could not measure the formation of sorbitol 6-
phosphate in hepatocytes incubated in the presence
of sorbitol. Since sorbitol 6-phosphate is, however, a
more potent effector of the regulatory protein than
mannitol 1-phosphate [23] and since it can be formed
by glucose-6-phosphatase almost as rapidly [24], we
assume that it mediates the effect of sorbitol on detri-
tiation, which is more pronounced than that of man-
nitol.

A second target for mannitol 1-phosphate is phos-
phoglucose isomerase. The concentrations of the
polyol-phosphate in cells incubated with 30 or
60 mmol/l mannitol are of the same order of magni-
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Fig.8. Effect of deoxycholate on the formation of mannitol 1-
phosphate (A) and Pi (B) in hepatic microsomes. Liver micro-
somes were incubated at a final concentration of 1.2 g protein/l
with 200 mmol/l mannitol and, as indicated, 10 mmol/l glucose
6-phosphate or mannose 6-phosphate, with or without 1 g/l
deoxycholate (DC). Results are means ± SEM for 3 experi-
ments. Values obtained with glucose 6-phosphate and man-
nose 6-phosphate in the absence of deoxycholate are different
(p < 0.05)

Fig.9. Effect of a preincubation with mannitol on the stimula-
tion of glucokinase translocation by fructose in hepatocytes in
primary culture. The cells were seeded and incubated over-
night as described previously [12] in minimal essential medium
(containing 5.5 mmol/l glucose) before the addition of 1 mmol/
l SDI 158. Mannitol (30 mmol/l) and fructose were added at
the indicated concentrations 30 and 90 min later. The incuba-
tions were arrested 1 h after the addition of fructose. The re-
sults shown are the means ± SEM for 3 experimental values.
* different from control without mannitol (p < 0.05)



tude as its Ki for the isomerase. However, the fact
that the inhibition of detritiation can be antagonized
by fructose or by elevated concentrations of glucose
indicates that the inhibition of phosphoglucose iso-
merase only accounts for part of the effect of manni-
tol in cells incubated with 5 mmol/ glucose. In con-
trast, the 15±20% decrease in detritiation observed
at saturating concentrations of glucose or fructose is
probably completely explained by the inhibition of
phosphoglucose isomerase. Measurements using [2-
3H]galactose [31] indicated that 30 mmol/l mannitol
decreased the extent of detritiation of the glucose 6-
phosphate pool by about 15% (Niculescu and Van
Schaftingen, unpublished results), in agreement with
this interpretation.

The direct relationship observed between the con-
centrations of mannitol 1-phosphate and hexose 6-
phosphates under most conditions was an indication
that glucose 6-phosphate could be the phosphate do-
nor from which mannitol 1-phosphate is formed. Glu-
cose 6-phosphate was much better than the most
common phosphate donor ATP for forming mannitol
1-phosphate in cell-free extracts. Fractionation of the
extracts indicated that the implicated enzyme was
present in microsomes, the subcellular fraction con-
taining glucose-6-phosphatase [32]. Glucose-6-phos-
phatase was a good candidate for catalysing such a re-
action since it is able to transfer a phosphoryl group
not only to water (acting then as a phosphohydrolase)
but also to various acceptors (acting then as a phos-
photransferase) [24, 33]. The involvement of this en-
zyme could be further established not only on the ba-
sis of the sensitivity of mannitol 1-phosphate forma-
tion to vanadate and to preincubation at pH 5 but
also on the fact that glucose 6-phosphate was a much
better phosphate donor than mannose 6-phosphate
in intact microsomes and that it was equally effective
as its isomer in detergent-treated microsomes. This
last result indicated that the glucose 6-phosphate-de-
pendent formation of mannitol 1-phosphate catalys-
ed by microsomes in the absence of detergent is not
contributed by a small portion of disrupted micro-
somes present in the preparation, but by intact micro-
somes.

The formation of mannitol 1-phosphate catalysed
by glucose 6-phosphatase can account for that ob-
served in isolated hepatocytes. From the rate found
in cell-free extracts (0.18 mmol × min±1 × g protein±1

protein at 30 °C, 10 mmol/l glucose 6-phosphate and
200 mmol/l mannitol) and assuming a Km of
2 mmol/l for glucose 6-phosphate and much larger
than 200 mmol/l for mannitol, the calculated rate of
mannitol 1-phosphate formation amounts to 12.5
nmol × min±1 × g protein±1 at 30 °C in the presence of
0.6 mmol/l glucose 6-phosphate and 60 mmol/l man-
nitol. An initial rate of 32 nmol × min±1 × g protein±1

was actually observed in hepatocytes incubated (at
37 °C) with 5 mmol/l glucose + 20 mmol/l dihydroxy-

acetone (Fig.6), which contained about 0.6 mmol/l
glucose 6-phosphate (Fig.7). The two rates are in
good agreement if one takes into account the effect
of temperature.

Glucokinase differs from other hexokinases be-
cause it is not inhibited by physiological concentra-
tions of glucose 6-phosphate, the product of the reac-
tion. The discovery of the regulatory protein and of
the great reinforcement of its inhibitory effect on glu-
cokinase by fructose 6-phosphate have, however, pro-
vided a substitute for this mechanism, since fructose
6-phosphate and glucose 6-phosphate are constantly
maintained in equilibrium by phosphoglucose iso-
merase. Since glucose-6-phosphatase catalyses a re-
action which is first-order with respect to its sub-
strate, the glucose/glucose 6-phosphate cycle can be
coordinately controlled by the concentration of hex-
ose 6-monophosphates. Thus, when the concentra-
tion of these rises as a result of a stimulation of glyco-
genolysis and gluconeogenesis [34], the stimulation of
glucose-6-phosphatase and the inhibition of glucoki-
nase concur to increase net glucose production.

For reasons mentioned in the Introduction, the in-
hibitory effect of fructose 6-phosphate could not be
demonstrated in hepatocytes. The inhibition of glu-
cose detritiation by mannitol 1-phosphate, reported
in the present work, is therefore the first proof that
glucokinase can be inhibited in hepatocytes by a li-
gand of the regulatory protein belonging to the group
of fructose 6-phosphate analogues.

As mentioned in the Introduction, glucokinase ap-
pears to shuttle from the nucleus to the cytoplasm de-
pending on the concentration of fructose 1-phos-
phate. The implication of the regulatory protein in
this phenomenon is essentially based on the nuclear
localisation of this protein and on the sensitivity of
translocation to fructose 1-phosphate. This role is fur-
ther substantiated by the finding that the effect of
fructose is antagonized by mannitol, since this com-
pound most likely acts via mannitol 1-phosphate, a li-
gand of the regulatory protein.
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