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Glucosamine-sensitive and -insensitive detritiation of [2-H]glucose in
isolated rat hepatocytes: a study of the contributions of glucokinase

and glucose-6-phosphatase
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Glucosamine, a potent inhibitor of glucokinase (hexokinase FV
or D), was used to estimate the contribution of this enzyme to
glucose phosphorylation in freshly isolated rat hepatocytes and
its sensitivity to fructose 6-phosphate in situ. Experiments with
radiolabelled glucosamine indicated that this amino sugar, at
concentrations of 5 or 40 mM, readily penetrated hepatocytes
to reach in 1min a total (i.e., glucosamine+ metabolites)
intracellular concentration equal to 0.8—1.2-fold its extracellular
concentration. In marked contrast, N-acetylglucosamine barely
penetrated the cells. The detritiation of [2-*H]glucose, used to
estimate glucose phosphorylation in intact cells, was inhibited by
glucosamine much more potently than by N-acetylglucosamine,
half-maximal effects being reached at about 2.5 and 30 mM
respectively. Extrapolation of the data indicated that about 129,
of the detritiation was resistant to glucosamine. Dihydroxy-
acetone (10 mM), lactate (10 mM)+ pyruvate (1 mM), and glu-

cagon (1 xM) increased up to 8-fold the concentration of hexose
6-phosphates (glucose 6-phosphate + fructose 6-phosphate) and,
against expectations, modestly decreased the detritiation rate
measured in the absence of glucosamine. In the presence of
40 mM glucosamine, these agents increased the detritiation rate,
which then positively correlated with the concentration of hexose
6-phosphates. This hexose 6-phosphates-dependent detritiation
was sensitive to inhibition by vanadate, and was also catalysed
by gel-filtered cell-free extracts, as well as by liver microsomes in
the presence of phosphoglucoisomerase;-it can be explained by
an exchange reaction catalysed by glucose-6-phosphatase. When
this exchange reaction is taken into account, it appears that the
rate of glucose detritiation attributable to glucokinase decreases
when the concentration of hexose 6-phosphates increases. This is
in agreement with the known effect of fructose 6-phosphate to
potentiate the inhibition of glucokinase by its regulatory protein.

INTRODUCTION

The rate of detritiation of [2-*H]glucose is commonly used to
estimate the rate of glucose phosphorylation in intact cells,
because [2-*H]glucose 6-phosphate loses its *H in the reaction
catalysed by phosphoglucoisomerase [1]. Several enzymes can
theoretically contribute to the phosphorylation of glucose in rat
liver cells. The main one is generally thought to be glucokinase,
also known as hexokinase IV or D (reviewed in [2]). This enzyme
is inhibited by a regulatory protein, the effect of which is
reinforced by fructose 6-phosphate and antagonized by fructose
1-phosphate (reviewed in [3]). Fructose 6-phosphate is therefore
expected to mediate a decrease in the activity of glucokinase.
Quite surprisingly, glycogenolytic agents or gluconeogenic sub-
strates, which cause an increase in the concentration of hexose
6-monophosphates, barely affect the rate of detritiation of
[2-*H]glucose [4]. Also against a major participation of gluco-
kinase in glucose phosphorylation was the report that the
detritiation of [2-*H]glucose in suspensions of isolated hepato-
cytes derived from 48 h-starved rats is poorly inhibited by 30 mM
N-acetylglucosamine [5], which is a potent inhibitor of gluco-
kinase.

Low-K_ hexokinases are also present in isolated hepatocytes,
but their activity is weak compared with that of glucokinase
[6,7); furthermore, they are inhibited by low, physiological,
concentrations of glucose 6-phosphate [8]. Glucose-6-phosphat-
ase can also form glucose 6-phosphate from glucose and such
phosphate donors as carbamoyl phosphate and PP,, and this
enzyme has been claimed to contribute greatly to glucose
phosphorylation in the livers of starved or diabetic animals
[9,10]. This role of glucose-6-phosphatase has been questioned
by other authors [6,11]. Glucose-6-phosphatase is also known

to catalyse an exchange reaction between glucose and glucose
6-phosphate [12,13], which might also result in the detritiation
of [2-3H]glucose.

The aim of this work was to evaluate the contributions of
glucokinase and of glucose-6-phosphatase to the detritiation of
[2-*H]glucose under different conditions, and particularly to
examine the relationship between the glucokinase activity and
the intracellular concentration of fructose 6-phosphate. For this
purpose we have used glucosamine, a potent competitive inhibitor
of glucokinase [14] that acts to a much lesser extent on low-K
hexokinases and on glucose-6-phosphatase. We have investigated
the ability of this amino sugar to penetrate liver cells and have
tested its effect on the detritiation of [2-*H]glucose. We have also
made use of orthovanadate, an inhibitor of glucose-6-phos-
phatase [15].

MATERIALS AND METHODS
Materials

Dihydroxyacetone and NADP* were from Sigma (St. Louis,
MO, U.S.A.), vanadate was from Fluka (Buchs, Switzerland),
and glucose was from Janssen Chimica (Beerse, Belgium). Other
chemicals were from Merck (Darmstadt, Germany). Collagenase
and auxiliary enzymes used for the spectrophotometric assays
were from Boehringer (Mannheim, Germany). Radiolabelled
substrates were from The Radiochemical Centre (Amersham,
Bucks., U.K.). [2-*H]Glucose was re-purified by paper chromato-
graphy before use [6] to eliminate metabolizable impurities.
AG1 x 8 (200400 mesh) and AG50 x4 (100-200 mesh) were
from Bio-Rad (Richmond, CA, U.S.A.). Rat brain hexokinase
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was partially purified as described in [16]. Glucokinase was
purified as previously described [17].

Hepatocyte preparation and incubation

Unless otherwise indicated, hepatocytes were isolated from the
livers of fed rats and incubated as previously described at a
protein concentration of 10-15 mg/ml [18]. For determination of
detritiation and of glucose concentration, extracts were prepared
by mixing 1 ml of the suspension with 0.5 ml of 10 %, HCIO,. For
measurement of hexose 6-monophosphates, the HCIO, extracts
were prepared by centrifugation of the cells through a silicone
layer to eliminate contamination by extracellular metabolites
[19,20].

Transport measurement

For the measurement of sugar transport, hepatocytes were
preincubated at 37 °C with 5 mM glucose for 15 min. Approx.
100000 c.p.m. of [U-'*C]-glucosamine, -N-acetylglucosamine,
-mannose or -glucose/ml was then added together with the
unlabelled substrate at the indicated concentrations. Parallel
incubations were run with *H,O or [*H]inulin to determine the
total water space and the extracellular space. The incubations
were terminated at the indicated times by centrifugation (20 s,
10000 g) of 0.5 ml of the hepatocyte suspension into a 1.5 ml
Eppendorf centrifuge tube containing 0.5 ml of silicone oil
AR-200 (from Fluka) on top of 0.5ml of 10% HCIO,. After
careful removal of the upper phase and of the silicone oil, the
HCIO, extract was pipetted out. The pellet was re-extracted with
0.5 ml of 10 % HCIO,, which was combined with the first extract
and counted for radioactivity. To distinguish between the radio-
activity associated with glucosamine and its metabolites, the
HCIO, extracts were neutralized with K,CO, and centrifuged;
the resulting supernatants were diluted 2-fold and applied to
columns (0.6 cm x 4 cm) of cation-exchanger (Dowex AG 50, H*
form), which were washed with 2 ml of water to elute neutral or
anionic compounds and with 6 ml of 0.5M NaCl to elute
cationic compounds. The total water space of the cell pellet,
its inulin space and the intracellular water space amounted
to 3.84+0.07, 1.80+0.07 and 2.041+0.08 ul/mg of protein
respectively.

Assays of glucokinase and hexokinase

Hexokinase and glucokinase were assayed spectrophoto-
metrically at 30°C in an assay mixture containing 50 mM
Hepes, pH 7.1, 1 mM dithiothreitol, 25 mM KCl, 2 mM mag-
nesium acetate, 0.25mM NADP*, 5ug of yeast glucose-6-
phosphate dehydrogenase/ml, 1 mM ATP and the indicated
concentrations of glucose, glucosamine and N-acetylglucos-
amine.

Detritiation in cell-free extracts

The liver of a well-fed rat was homogenized with 3 vol. of a
medium containing 20 mM Hepes, pH 7.1, 100 mM KCI and
1 mM dithiothreitol, and the resulting homogenate was centri-
fuged for 20 min at 15000 g. The supernatant (1.8 ml) was
filtered on a 40 cm?® Sephadex G-25 (fine grade) column equilib-
rated in the homogenization buffer. Unless otherwise indicated,
50 1 of the filtrate (~ 0.6 mg of protein) was incubated for
10 min at 37°C in the presence of 20 mM Hepes, pH 7.1,
200000 c.p.m. of [2-*H]glucose/ml, 10 ug of yeast phospho-
glucoisomerase and the indicated concentrations of glucose 6-
phosphate and glucose in a volume of 0.2 ml. The incubation was
arrested by addition of 100 ul of 109 HCIO,. After neutral-

ization, *H,0 was isolated by chromatography on Dowex
AGT1 (borate form) columns [6]. For preparation of microsomes,
rat livers were homogenized with 4 vol. of an ice-cold buffer
containing 10 mM Hepes, pH 7.1, and 0.25 M sucrose. This
homogenate was centrifuged for 15 min at 15000 g, and the
resulting supernatant was spun for 30 min at 100000 g. The
microsomal pellet was resuspended twice in homogenization
buffer and re-centrifuged as above, and finally resuspended in
homogenization buffer.

Other analytical methods

Glucose was measured as in [21]. The neutralized HCIO, extracts
were freed of glucosamine, which interfered in the glucose assay,
by chromatography on Dowex AG 50 (H* form) as described
above. Hexose 6-phosphates (sum of glucose 6-phosphate and
fructose 6-phosphate, found to be always close to a 3:1 ratio)
were measured as described in [22]. 3H,O was separated from
[2-*H]glucose as in [6]. Protein was measured as in [23].

RESULTS

Effect of glucosamine on the activity of glucokinase and
hexokinase

We have confirmed that glucosamine and N-acetylglucosamine
were potent competitive inhibitors of rat liver glucokinase and
that the inhibition they exerted was of a complete type. When the
activity of this enzyme was tested in the presence of 10 mM
glucose, 509, inhibition was reached at 1.5 mM glucosamine
and 1 mM N-acetylglucosamine. In contrast, at the same con-
centration of glucose, hexokinase from rat brain (hexokinase I)
was not detectably inhibited by 40 mM glucosamine and only
slightly (approx. 209,) by 40 mM N-acetylglucosamine (results
not shown).

Entry of glucosamine and of other hexoses in isolated
hepatocytes

Figure 1 shows the time course of entry of glucosamine, N-
acetylglucosamine and glucose in hepatocytes preincubated with
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Figure 1 Entry of radiolabelled glucose, glucosamine and N-acetyl-
glucosamine into hepatocytes

Hepatocytes were preincubated for 15 min with 5 mM glucose before addition of the indicated
radiolabelled sugars at a final concentration of 5 mM (O, [0, A)or 40mM (@. . A).
The results are expressed as the ratio of the concentration of radioactive compounds in
intracellular water divided by their concentration in the medium, and are means - S.E.M. for
n = 6 values. S.E.M. bars smaller than the symbols are not shown.
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Figure 2 Intracellular accumulation of radiolabelled glucosamine and
metabolites after addition of [U-'‘C]glucosamine to hepatocytes

Glucosamine was added at a final concentration of 5 or 40 mM to hepatocytes preincubated
for 15min in the presence of 5mM glucose. The neutralized HCIO, extracts were
chromatographed on a cation-exchanger to separate glucosamine from its metabolites. The
results are expressed as the ratio of the intracellular concentration of glucosamine or metabolites
on the extracellular concentration of glucosamine and are means + S.E.M. for n = 6 values.

SmM glucose. Radiolabelled glucosamine penetrated hepato-
cytes in a biphasic manner. The first, rapid, phase occurred in
1 min or less and allowed glucosamine to reach a concentration
that was 1.2- and 0.8-fold its extracellular concentration at 5 and
40 mM, respectively. This corresponded to rates of at least 6 and
32 pmol/min per ml of intracellular water. The second phase was
more sluggish, consisting of the linear accumulation of radio-
active compounds at rates of 0.5 and 2.4 gmol/min per ml of
intracellular water respectively.

At a more elevated concentration (50 mM), glucose slowed
down the rapid entry of 5mM glucosamine, although not of
40 mM glucosamine, without affecting the second phase (results
not shown). Thus, at 1 min the intracellular concentration of
labelled glucosamine amounted to 119416 and 76+4 9, of the
extracellular concentration at 5 and 50 mM glucose respectively.

Figure 1 also shows that N-acetylglucosamine poorly pene-
trated the cells to reach less than 159, of the extracellular
concentration after 16 min, whereas glucose reached equilibrium
across the plasma membrane in < 1 min. Mannose behaved
similarly to glucose (results not shown).

In Figure 2, we show the results of experiments in which the
radiolabelled compounds derived from [“*Clglucosamine were
separated on a cation-exchanger. As expected, metabolites con-
tributed little at 1 min, but accounted for about 20-359%, of the
intracellular radioactivity after 16 min, at which time the con-
centration of unmetabolized glucosamine represented approx.
1.8 and 1.1 times the extracellular concentration at 5 and 40 mM
extracellular glucosamine, respectively. Similar results were
obtained when the neutralized HCIO, extracts were chromato-
graphed on the Na* form of AG 50 instead of its H* form.
Since glucosamine 6-phosphate is well retained on the H* form
of this exchanger, though not on its Na* form (results not
shown), these results allow one to conclude that [**C]glucosamine
6-phosphate contributed little to the radioactive metabolites
formed from glucosamine.

These results indicated that, in contrast with N-acetyl-
glucosamine, glucosamine readily penetrated the cells and was
therefore a convenient compound to inhibit glucokinase in intact
hepatocytes.
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Figure 3 Effect of glucosamine and N-acetylglucosamine on the detritiation
of [2-*H]glucose measured in the presence and in the absence of fructose
in hepatocytes

Hepatocytes were incubated with 10 mM glucose and the indicated concentrations of
glucosamine or A-acetylglucosamine. [2-*H]Glucose and unlabelled fructose (0.2 mM) were
adder aiter 15 min. The incubations were arrested 15 min later. Results are means + S.E.M.
for n=3 experimental values.

Effect of glucosamine and N-acetylglucosamine on the detritiation
of [2-H]glucose

In the experiment shown in Figure 3, hepatocytes were pre-
incubated for 15 min with 10 mM glucose and the indicated
concentrations of glucosamine or N-acetylglucosamine before
addition of [2-*H]glucose and, where indicated, of 0.2 mM
fructose. Fructose increased the rate of detritiation by about 2-
fold in the absence of amino sugar, an effect that can be
attributed to deinhibition of glucokinase by fructose 1-phosphate
[3]. Both glucosamine and N-acetylglucosamine inhibited the
detritiation of glucose, but the former was 10-20-fold more
potent than the latter in this respect. The effect of glucosamine
was partial (Figure 3), as was also indicated by plots (not shown)
of 1/(rate of detritiation) versus [inhibitor], which were down-
wardly curved.

In the case of a partial hyperbolic inhibition, a plot of 1/Av (Av
being defined as the difference between the rates measured in the
absence and in the presence of inhibitor) versus 1/[inhibitor] is
expected to be linear. This type of plot allows one to calculate the
concentration of inhibitor yielding a half-maximal effect and the
rate of the inhibitable component from the intercepts with the x
and y axes, respectively. For the data shown in Figure 3, a half-
maximal effect was reached at 2.2 mM glucosamine in the absence
of fructose and at 2.8 mM in its presence; the rate of detritiation
at infinite concentration of glucosamine amounted to approx.
0.27 pmol/min per g of protein under both conditions, indicating
that the glucosamine-resistant detritiation is insensitive to fruc-
tose and that it therefore cannot be attributed to glucokinase. At
5 and 50 mM glucose (results not shown), the half-inhibitory
concentrations of glucosamine were 2 and 10 mM respectively, in
agreement with the competitive nature of the inhibition exerted
by glucosamine on glucokinase; the inhibition was partial in
both cases.

The effect of N-acetylglucosamine contrasted with that of
glucosamine in being sigmoidal, as previously shown by Bon-
temps and co-workers [6]. Because of these characteristics, it was
not possible to determine by extrapolation whether the inhibition
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Table 1 Concentrations of hexose 6-phosphates and detritiation in hepatocytes incubated with gluconeogenic precursors, glucagon or vasopressin in the

absence or in the presence of glucosamine

Hepatocytes were incubated with 10 mM glucose, with or without 40 mM glucosamine. Gluconeogenic substrates, hormones and [2-*H]glucose were added after 15 min; samples were withdrawn
15 min later for determination of the hexose 6-phasphates, and 30 min later for determination of ®H release. Results are means + S.EM. for 7= 3 values.

[Hexose 6-phosphates]
(pmol/g of protein)

Detritiation rate

(pmol/min per g of protein)

Condition [Glucosaming] (mM)... 0 40 0 40

Control 0.434-0.02 0.30 +0.05 1.75+0.04 0.3140.02
+1 uM glucagon 1.70+0.14 0.5340.03 1.29+0.06 0.40+0.02

10 mM Dihydroxyacetone 0.86 +0.04 0.7040.05 1.5340.07 0.46+0.03
+1 uM glucagon 3324017 1.68+0.16 1.39+0.08 0.6340.04

10 mM lactate +1 mM pyruvate 0.56 +0.04 0.4240.02 1.36 +£0.05 0.3240.02
+1 uM glucagon 2.06+0.18 0.6840.07 1.1940.07 0.43+0.03

0.01 #M vasopressin 1124022 0.30+0.04 1.67+£0.08 0.3140.02

exerted by N-acetylglucosamine was of a complete or a non-
complete type.

We have also compared the effect of the two amino sugars in
hepatocytes derived from rats starved for 48 h [5]. We confirmed
that 30 mM N-acetylglucosamine modestly inhibited detritiation
at all glucose concentrations tested and found that glucosamine
behaved as a much more potent inhibitor, which at 40 mM
inhibited detritiation by 85 and 80 9%, in the presence of 10 and
50 mM glucose respectively (results not shown).

Glucosamine and the detritiation extent of the
glucose 6-phosphate pool

To check whether glucosamine affected the extent of detritiation
of the glucose 6-phosphate pool by inhibiting phospho-
glucoisomerase, we measured the incorporation of [2-*H,U-*C]-
glucose into glycogen [24]. Hepatocytes were preincubated
with 10 mM glucose, different concentrations of glucosamine
and 100 #M proglycosyn (LY 177507) [25] to promote glycogen
synthesis. After 20 min, [2-*H,U-*C]glucose was added and the
incubation was continued for 40 min, at which time glycogen was
isolated [26] and its radioactivity counted. The 3H/!*C ratio in
glycogen relative to that in glucose was 0.39+0.01 (2 = 4) and
was unchanged by inclusion of 2 or 40 mM glucosamine, although
glycogen synthesis was depressed by 65 and 959, respectively.
This result indicated that glucosamine did not interfere with the
detritiation catalysed by phosphoglucoisomerase.

Effect of glycogenolytic agents and of gluconeogenic substrates
on the concentration of hexose 6-phosphates and on the
detritiation of glucose

To investigate the contribution of glucokinase at different
intracellular concentrations of hexose 6-phosphates, the detritia-
tion was measured in hepatocytes incubated with or without
glucosamine, gluconeogenic precursors and glycogenolytic agents
(Table 1). In the absence of glucosamine, lactate+ pyruvate
caused a modest increase in the concentration of hexose 6-
phosphates, whereas dihydroxyacetone, glucagon and vaso-
pressin increased this concentration by about 2-8-fold. Glucos-
amine decreased the concentration of hexose 6-phosphates by
about 30 % in the absence of other compounds. It did not affect
the increment caused by the gluconeogenic substrates, but,
surprisingly, counteracted the effect of glucagon, and even
abolished that of vasopressin on the concentration of hexose 6-
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Figure 4 Correlation between the detritiation rate and the concentration of
hexose 6-phosphates in hepatocytes incubated with various gluconeogenic
substrates or hormones, with or without 40 mM glucosamine

Results are from the same experiment as in Table 1. The upper curve has been drawn arbitrarily
through the points. The straight line is the regression calculated for the seven mean values
obtained in the presence of glucosamine (r = 0.97). The difference (A) between the rates
measured in the absence and in the presence of 40 mM glucosamine (dotted curve) is an
estimate of the contribution of glucokinase.

phosphates. Glucagon, dihydroxyacetone and lactate 4+ pyruvate
caused a decrease in the rate of detritiation in the absence of
glucosamine. In its presence, the first two agents caused an
increase in the rate of detritiation that paralleled their effect on
the concentration of hexose 6-phosphates.

The relationship between the rate of detritiation and the
concentration of hexose 6-phosphates both in the absence and in
the presence of glucosamine is shown in Figure 4. In the absence
of glucosamine, the detritiation had a tendency to decrease at
elevated concentrations of hexose 6-phosphates, whereas in the
presence of glucosamine there was a significant positive cor-
relation between the concentration of hexose 6-phosphates and
the rate of detritiation. The latter result suggested that the
exchange reaction known to be catalysed by glucose-6-
phosphatase was an important factor in the detritiation measured



Glucosamine and glucose detritiation in hepatocytes 27

(a)

0 1 2 3 4 5
[Glucose 6-phosphate] (mM)
S

1.0 H

Detritiation rate (umol/min per g of protein)

05F

0 0.1 0.2 0.3
[Vanadate] (mM)

Figure 5 Effect of the concentrations of glucose 6-phosphate (a) and of
vanadate (b) on the detritiation of [2-*H]glucose catalysed by a liver
Sephadex filtrate

Al assays were performed in the presence of 10 mM glucose. In (b), 1 mM glucose 6-
phosphate was present in the incubation medium.

in the latter condition. The contribution of glucokinase, rep-
resented by the difference between the two relationships (Figure 4,
dotted line), decreased markedly as the concentration of hexose
6-phosphates increased. A plot of the reciprocal of this difference
versus the concentration of hexose 6-phosphates was linear; its
intercepts with the y and the x axes allowed us to calculate the
rate of detritiation in the absence of hexose 6-phosphates
(4 pmol/min per g of protein) and the K, for hexose 6-phosphates
(0.30 #umol/g of protein). The latter value corresponds to a
fructose 6-phosphate concentration of 37 uM if one takes into
account the equilibrium of phosphoglucoisomerase and the
intracellular water volume.

Glucose 6-phosphate-dependent detritiation of glucose in cell-free
extracts

In agreement with the existence of an exchange reaction between
glucose and glucose 6-phosphate, we observed that gel-filtered
liver extracts catalysed a glucose 6-phosphate-dependent release
of *H from [2-*H]glucose in the absence of ATP (Figure 5a). In
the presence of 10 mM glucose, the apparent K, of this reaction
for glucose 6-phosphate was 3 mM and its V,,, was 4 gmol/min
per g of protein at 37 °C. With 10 mM glucose 6-phosphate, the
K for glucose was 50 mM. As shown in Figure 5(b), the
detritiation was inhibited by orthovanadate, a powerful inhibitor
of glucose 6-phosphatase [15]. It was slightly stimulated (20 %)
by the addition of phosphoglucoisomerase, but was not affected
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Figure 6 Effect of vanadate on the relationship between the rate of glucose
formation and the concentration of hexose 6-phosphates in hepatocytes
incubated with 40 mM glucosamine

Hepatocytes were preincubated for 15 min without glucose but with 40 mM glucosamine, before
addition of the indicated concentrations of vanadate, of 10 mM dihydroxyacetone and of 1 xM
glucagon, alone or in combinatien. Samples were withdrawn immedrately after these additions
and 30 min thereafter to determine the glucose concentration, and 15 min after the additions
for the measurement of hexose 6-phosphates. For each vanadate concentration, the points
represent successively, from left to right, the following conditions: control, glucagon,
dihydroxyacetone, dihydroxyacetone + glucagon. Results are means+ S.EM. for 3 experi-
ments.

by 40 mM glucosamine (results not shown). A similar reaction
was also catalysed by rat liver microsomes (results not shown);
the reaction was in this case completely dependent on the
addition of phosphoglucoisomerase, and its ¥,, was approx.
20 gmol/min per g of protein at 10 mM glucose.

Effect of vanadate on glucosamine-resistant detritiation in
hepatocytes

Before exploring the effect of vanadate on glucosamine-resistant
detritiation, it was decided to investigate its ability to inhibit
glucose-6-phosphatase in intact cells. Since the activity of this
enzyme is nearly proportional to the concentration of its sub-
strate, its inhibition in intact cells will be reflected by a decrease
in the rate of glucose release for a given intracellular con-
centration of glucose 6-phosphate. In the experiment shown in
Figure 6, various levels of hexose 6-phosphates have been
obtained by incubating the cells with or without dihydroxy-
acetone or glucagon; 40 mM glucosamine was also included to
minimize utilization of glucose by glucokinase. The relationship
between glucose release and hexose 6-phosphate concentration
was almost linear, and vanadate decreased the slope by about
50 %, indicating that it inhibited glucose-6-phosphatase, though
more modestly than it does in a cell-free system. It should also be
noted that this inhibition is essentially reflected by an increase in
the concentration of hexose 6-phosphates, with almost no effect
on the rate of glucose formation.

Figure 7 shows a similar effect of vanadate on the relationship
between the detritiation rate and the concentration of hexose 6-
phosphates in the presence of glucosamine, in agreement with the
hypothesis that this detritiation is due to glucose-6-phosphatase.

Effect of mannose

To investigate the potential contribution of low-K,, hexokinases
to the glucosamine-resistant detritiation, we have tested the effect
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Figure 7 Effect of vanadate on the concentration of hexose 6-phosphates
and on the detritiation rate in hepatocytes incubated in the presence of
40 mM glucosamine, with or without dihydroxyacetone or glucagon

The same experimental protocol was used as in Table 1. Vanadate was added at the end of
the 15 min preincubation. Results shown are means+ S.EM. for 7= 3 experiments. The
points are as explained in Figure 6 legend.

of mannose on the activity of glucokinase and of hexokinase I.
In the presence of 5 mM glucose and 20 mM glucosamine, a
50 % inhibition was reached at 5 mM mannose for hexokinase I,
and at 30 mM mannose for glucokinase. In hepatocytes incubated
with the same concentrations of glucose and glucosamine,
mannose did not inhibit glucose detritiation by more than 109,
indicating that low-K,, hexokinases contributed little to the
glucosamine-resistant detritiation (results not shown).

DISCUSSION
Mechanism of glucosamine penetration

To the best of our knowledge, the entry of glucosamine has never
been investigated in hepatocytes. Glucosamine uptake by
Novikoff ascites-tumour cells was shown to be competitively
inhibited by glucose and to be similarly sensitive as glucose
transport to cytochalasin B, suggesting that the same carrier was
involved [27,28]. Synaptosomes were also shown to take up
glucosamine via a saturable process; competition experiments
and sensitivity to cytochalasin B indicated also that the transport
was most likely carried out by a glucose transporter [29].

Our results indicate that glucosamine rapidly penetrates into
isolated hepatocytes and that its entry can be inhibited by
glucose. This suggests that its transport is mediated by the
predominant glucose carrier in isolated hepatocytes, Glut 2 [30].
Being an amine, glucosamine could enter the cell either as the
protonated or as the uncharged species. In the first case its entry
would be favoured by the membrane potential, which is approx.
—35mV in hepatocytes [31], and in the second case, by the ApH,
which is about —0.10 [32]. At equilibrium, the intracellular
concentration is expected to be about 4-fold the extracellular
concentration in the first hypothesis and 1.4-fold this con-
centration in the second hypothesis. Our results do not allow us
to discriminate between the two possibilities.

Once inside the cell, glucosamine is converted into metabolites
(see Figure 2). These include N-acetylglucosamine and its
phosphorylated derivatives, hexosamine 6-phosphates, and
UDP-N-acetylhexosamines [33]. The latter can reach concen-
trations of several umol/g wet wt. [34].

Our results show also that N-acetylglucosamine poorly

penetrates in the liver cell. In contrast, Nordlie et al. [5]
mentioned, without showing data, that * N-acetylglucosamine in
hepatocytes rapidly equilibrated with that in the medium™.
Sukalski and Nordlie [35] reported that hepatocytes from fed
rats accumulated 29.1 nmol of this amino sugar (including
metabolites) per mg of protein when incubated for 16.5 min with
30 mM N-acetylglucosamine. If one accepts an intracellular
water space of 2 ul/mg of protein, this result indicates that N-
acetylglucosamine does not readily equilibrate across the plasma
membrane, in agreement with our results. The observation by
Nordlie and co-workers [5] that detritiation is only inhibited to
an extent of 20-50 % by 30 mM N-acetylglucosamine is therefore
best explained by the fact that this compound poorly penetrates
liver cells. A higher concentration (100 mM) was shown by
Bontemps and co-workers [6] to inhibit detritiation by approx.
90%.

Enzymes contributing to glucose detritiation

As mentioned in the Introduction, the detritiation of [2-*H]-
glucose occurs during the interconversion of glucose 6-
phosphate and fructose 6-phosphate, implying therefore the
phosphorylation of radiolabelled glucose. Three different
enzymes can contribute to the conversion of radiolabelled glucose
into glucose 6-phosphate: glucokinase, the low-K,, hexokinases
(referred to as ‘hexokinase’ in this paper) and glucose-6-
phosphatase.

The fact that the detritiation of [2-*H]glucose can be inhibited
to about 909, by glucosamine in suspensions of hepatocytes
indicates that glucokinase is mainly responsible for the
phosphorylation of glucose, even in cells that are derived from
rats starved for 48 h, a condition known to depress the activity
of glucokinase and to increase that of glucose-6-phosphatase
[2,9].

Part of the detritiation is resistant to glucosamine; this
glucosamine-resistant detritiation increases with the concen-
tration of hexose 6-phosphates and is sensitive to vanadate (see
Figure 7) to a similar extent as glucose-6-phosphatase in intact
cells (see Figure 6). This hexose-6-phosphate-dependent detritia-
tion can also be demonstrated in cell-free extracts. Since it does
not require any other phosphate donor than glucose 6-phosphate,
it is due to an exchange reaction catalysed by glucose-6-
phosphatase, as described previously [12,13]. As expected for a
reaction catalysed by glucose-6-phosphatase, a glucose 6-
phosphate- and phosphoglucoisomerase-dependent detritiation
of glucose was also catalysed by microsomes and was inhibited
by vanadate, but not by glucosamine. The lower sensitivity of
glucose-6-phosphatase to vanadate in intact cells (the present
paper) as compared with cell-free extracts [15] is presumably due
to the fact that vanadate is reduced intracellularly by glutathione
(reviewed in [36]).

Extrapolation of the regressions shown in Figures 4 and 7
indicates that the rate of detritiation amounts to 0.25 gmol/min
per g of protein in the absence of glucose 6-phosphate and in the
presence of 40 mM glucosamine. At least part of this detritiation,
if not all, is due to glucokinase: assuming a half-inhibitory
concentration of approx. 2.5 mM for glucosamine (see Figure 3),
the residual activity can be calculated to represent about 6 %, of
the detritiation contributed by glucokinase in the absence of both
glucosamine and fructose 6-phosphate. The latter rate, as de-
termined by extrapolation, amounts to 4 gumol/min per g of
protein, a value that is close to the rate of detritiation observed
in the presence of fructose. It should be added that the in-
sensitivity of the residual detritiation to mannose argues against
a significant role of low-K hexokinases.
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As a conclusion, essentially all of the detritiation is accounted
for by glucokinase and by the exchange reaction catalysed by
glucose-6-phosphatase.

Role of fructose 6-phosphate in the control of glucokinase

The contribution of glucokinase to the detritiation of glucose,
which can be visualized in Figure 4 as the difference between the
rates measured in the absence and in the presence of glucosamine,
decreases as a function of the concentration of hexose 6-
phosphates. This effect is most likely due to fructose 6-phosphate,
a ligand of the regulatory protein of glucokinase, which is known
to favour the association of the two proteins and to act therefore
as an inhibitor [17]. The apparent affinity of the regulatory
protein for fructose 6-phosphate is decreased by other ligands of
the regulatory protein, principally P, in the absence of fructose
[37]. This presumably explains the fact that the apparent affinity
for fructose 6-phosphate is severalfold lower in hepatocytes than
in assays performed in vitro with purified proteins [37].

The decrease in the activity of glucokinase induced by fructose
6-phosphate favours the net formation of glucose from hexose 6-
phosphates when the concentration of the latter increases.

Effect of glucosamine on the concentration of hexose
6-phosphates

The effect of glucosamine to decrease the concentration of
hexose 6-phosphates is partly due to the fact that it inhibits
glucokinase. In addition, this compound was found to antagonize
the action of glucagon and of vasopressin on the concentration
of hexose 6-phosphates. The latter effect is most likely due to an
interaction between glucosamine and phosphorylase. Indeed, we
have preliminary data showing that glucosamine, like glucose
[38,39], is a potent inhibitor of phosphorylase both from muscle
and from liver (E. Van Schaftingen, unpublished work).

| am indebted to Professor H. G. Hers for helpful criticisms and to G. Noél for
carrying out the experiments shown in this paper. This work was supported by the
Belgian National Fund for Scientific Research, by the Actions de Recherche
Concertées and by the Belgian Federal Service for Scientific, Technical and Cultural
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