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Rat hepatic microsomal glucose-6-phosphatase protein levels
are increased in streptozotocin-induced diabetes

A.Burchell and D.I.Cain
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Summary. Hepatic microsomal glucose-6-phosphatase activi-
ty levels and the hepatic output of glucose are increased in
diabetes. We have used protein chemistry and immunological
techniques to determine the mechanism by which the activity
levels of the glucose-6-phosphatase system are increased in
streptozotocin-induced diabetic rats. In the streptozotocin-in-
duced diabetic rats, the activity of the glucose-6-phosphatase
enzyme increased four-fold without appreciably altering the
transport capacity of the glucose-6-phosphatase system. The
solubilized diabetic rat liver glucose-6-phosphatase enzyme
appeared to be very similar to the solubilized enzyme from
control rat liver microsomes. They exhibit the same Km, are
labile at 30°C, are stabilized by sodium fluoride and they mi-

grate to the same position during density gradient centrifuga-
tion. Immunological studies demonstrated that a greater
amount of hepatic microsomal glucose-6-phosphatase en-
zyme protein is present in diabetic rats than in control rats.
Thus, we have determined for the first time that increased lev-
els of the glucose-6-phosphatase protein are present in strep-
tozotocin-induced diabetes. The significance of this finding in
relation to the regulation of the hepatic microsomal glucose-
6-phosphatase system is discussed.

Key words. Glucose-6-phosphatase, glucose-6-phosphate, dia-
betes, antibodies, blood glucose levels.

Hepatic microsomal glucose-6-phosphatase (EC
3.1.3.9) is, potentially, the most important enzyme in-
volved in homeostatic regulation of blood glucose con-
centrations [1, 2]. Substantial kinetic [3-5] and genetic
[6-8] evidence indicates that glucose-6-phosphatase hy-
drolysis in the glucogenic tissues is catalysed by a multi-
component system. It has been proposed [3] that the ac-
tive site of glucose-6-phosphatase in intact microsomes
(microsomal fractions) is situated at the lumenal surface
of the membrane and that a specific translocase (T4)
mediates entry of glucose-6-phosphate. Phosphate (P;),
released at the lumenal surface, is believed to equili-
brate via a second translocase, T, [5]. The mechanism of
glucose permeation across the membrane has not yet
been elucidated, but the glucose transporter has been
designated T; [5].

The rate of hydrolysis of glucose-6-phosphate by the
hepatic microsomal glucose-6-phosphatase system and
the hepatic output of glucose were increased in all the
diabetic conditions studied [9, 10]. Glucose-6-phospha-
tase activity and hepatic glucose production are de-
creased by insulin in both normal and diabetic animals
{10, 11].

In chemically-induced diabetes in rats kinetic evi-
dence indicates that glucose-6-phosphatase enzyme ac-
tivity is increased 3-4 fold without appreciably altering
the activity of the translocases [5, 9].

An understanding of the mechanisms involved in
the control of glucose-6-phosphatase activity in the dia-
betic state is essential for our understanding of the in-
creased hepatic output of glucose in diabetes. However,
nothing is known about the mechanism by which glu-
cose-6-phosphatase activity is elevated in diabetes.

Therefore, the aim of this study was to determine the
mechanism by which the levels of glucose-6-phospha-
tase enzyme activity are elevated in diabetes.

Materials and methods

Materials

Glucose-6-phosphate, mannose-6-phosphate, cholic acid and deoxy-
cholic acid were purchased from Sigma Chemical Co., Poole, Dorset,
U.K. Lubrol 12A-9 (a condensate of dodceyl alcohol with approxi-
mately 9.5 mol of ethylene oxide) was obtained from ICI Organics Di-
vision, Manchester, U. K. Freund’s complete adjuvant was purchased
from Grand Island Biological Company, Grand Island, USA. All oth-
er chemicals were analytical reagent grade.
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Table 1. Glucose-6-phosphatase activity in control and diabetic rat
liver microsomes

Control rats Diabetic rats

Specific activity of glucose-
6-phosphatase in intact micro-
somes

0.19 (0.18-0.21)  0.28 (0.25-0.30)

Specific activity of glucose-
6-phosphatase in disrupted mi-
crosomes

0.22 (0.20-0.26) 0.91(0.76-1.03)

Latency 12% (9-16) 65% (56-69)

Data are the mean from at least four separate preparations. Numbers
in parenthesis are the range of values obtained. Specific activity is ex-
pressed as pmol-mg~'-min~! protein.

1001 +NaF
[+ )
£
pd 80-

o

)]

N
voa 50'
2
S g0}
°

[++]
N -

g 20 —NaF
N

0 5 10 15 20

Time (min)

Fig.1. Stability of glucose-6-phosphatase activity. Diabetic A——a
and control @—@ cholate solubilized rat liver microsomes were in-
cubated at a protein concentration of 1.5 mg/ml at 30°C in the pres-
ence or absence of 50 mmol sodium fluoride. Results shown are the
mean and range of activities obtained using three different microsom-
al preparations
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Fig.2. Sucrose-gradient density centrifugation of control and diabetic
rat liver microsomes. V.- -- V% sucrose in gradient fractions,
A—A glucose-6-phosphatase activity from diabetic rat liver micro-
somes expressed in pumol-ml~'-min~'!, @—@ glucose 6-phospha-
tase activity from control rat liver microsomes expressed in
umol-ml~"-min~', B— protein concentration (mg/ml) from con-
trol rat liver microsomes. A similar protein concentration profile was
obtained from diabetic rat liver microsomes (data not shown)
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Animals

To induce experimental diabetes, male Wistar rats (approximately
200g) were given a single tail vein injection of streptozotocin
(100 mg/kg body weight) in citrate-buffered (pH 4.5) isotonic saline
[5]. Only fed animals with blood glucose concentrations over
18 mmol/1 four days after the injection of streptozotocin were used.
Contro] rats were littermates of the diabetic rats.

Antiserum was raised in white lop-eared rabbits by three subcu-
taneous injections of equal volumes of 80 p g of purified rat hepatic
microsomal glucose-6-phosphatase and Freund’s complete adjuvant
by the method of Burchell [12]. Pre-immune serum was obtained from
the rabbits prior to injection with antigen. The glucose-6-phosphatase
enzyme used for the injections was isolated from the livers of starved
Wistar rats (method available from A. Burchell, manuscript in prepa-
ration) and had a specific activity of 32.5 umol- mg~"-min~" protein.
The purity of the preparation was confirmed by polyacrylamide slab
gel electrophoresis in the presence of 0.1% sodium dodecyl sulphate
as described by Laemmili [13]. The final specific activity of the glu-
cose-6-phosphatase enzyme was the highest ever reported. However,
it is likely that some inactivation of the enzyme may have occurred
during purification, as the final enzyme preparation contained only
the glucose-6-phosphatase enzyme and was completely free of the
21,000 dalton glucose-6-phosphatase stabilizing protein [14]. Immu-
nochemical analyses were performed by the Ouchterlony double-dif-
fusion technique in 1% agar [15].

Enzyme assays

Glucose-6-phosphatase and mannose-6-phosphatase activity were as-
sayed at 30°C in a 0.1 ml reaction mixture by the method of Bickers-
taff and Burchell [16]. One unit of activity represents 1.0 4 mol of inor-
ganic phosphate released/min. Non-specific hydrolysis of glucose-
6-phosphate was assayed as described previously [17]. It averaged less
than 3% of the total glucose-6-phosphatase activity in microsomal
fractions. Phosphatidylcholine liposomes were prepared by the meth-
od of Cater et al. [18] and added to enzyme assays at a final concentra-
tion of 0.1 mg/ml. Protein concentrations were determined by the
method of Peterson [19] with bovine serum albumin as standard.

In this paper, microsomes isolated from liver homogenates and as-
sayed without further treatment are referred to as untreated micro-
somes. To prepare fully disrupted microsomes, untreated microsomes
at a protein concentration of 20 mg/ml in 0.25 mol sucrose, 5 mmol
Hepes pH 7.4 were exposed to 0.5% lubrol 12A-9 at 0°C for 10 min.
The detergent disrupted microsomes were then diluted in assay buf-
fer. The final concentration of lubrol in the assays was always less
than 0.005% and was not inhibitory.

Latency of glucose-6-phosphatase activity is the percentage of the
enzyme activity of fully disrupted microsomes that is not expressed in
untreated microsomes. Latency was calculated as 100 x (activity in
disrupted microsomes — activity in untreated microsomes)/activity
in disrupted microsomes [20]. As previously reported [4, 5, 20, 21], un-
treated microsomes are heterogeneous preparations composed of (a)
intact vesicles (intact microsomes)in which the limiting membrane acts
as a selective permeability barrier and (b) disrupted structures in
which selective permeability is lacking and the enzyme has free access
to ionic substrates and inhibitors. The proportion of the two forms is
easily quantified by assays of the low K, mannose-6-phosphatase ac-
tivity that is expressed only in disrupted structures [4]. The activity of
intact microsomes was calculated using the following equation: glu-
cose-6-phosphatase activity in intact microsomes = glucose-6-phos-
phatase activity in untreated microsomes — (glucose-6-phosphatase
activity in fully disrupted microsomes x mannose-6-phosphatase ac-
tivity in untreated microsomes/mannose-6-phosphatase activity in
fully disrupted microsomes) [5, 20, 21].

Preparation and solubilization of microsomes

Microsomes were prepared from the fresh livers of control Wistar rats
and streptozotocin-induced diabetic rats as previously described [21,
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Fig.3. Ouchterlony double diffusion analysis of fractions from con-
trol and diabetic rat liver microsomes. Centre well, rabbit antiserum to
purified rat hepatic glucose-6-phosphatase enzyme. (1) Cholate solu-
bilized control rat liver microsomes, (2) Cholate solubilized diabetic
rat liver microsomes, (3) fraction 5 from the sucrose gradient centrifu-
gation of diabetic rat liver microsomes, (4) fraction 5 from the sucrose
gradient centrifugation of control rat liver microsomes, (5)and
(6) 0.25 mol sucrose, 5 mmol Hepes, 20 mmol sodium fluoride, 1% so-
dium cholate pH 7.4 buffer. 20 pl of sample was placed in each well

22] and solubilized in the presence of 1% sodium cholate by the meth-
od of Burchell and Burchell [23].

Sucrose density gradient centrifugation

4 ml of diabetic or control rat liver microsomes (20 mg/ml) were care-
fully layered onto the top of a 12-62% (w/v) linear 65 ml sucrose gra-
dient in the presence of 25 mmol Tris acetate 20 mmol Sodium fluo-
ride 0.2% deoxycholic acid pH 7.4. After centrifugation at 105,000 g
for 18 h the gradient was fractionated and analysed.

Immunoprecipitation of glucose-6-phosphatase activity

An equal volume of 90% saturated ammonium sulphate was added to
10 ml of rabbit antiserum or preimmune serum. After standing for
15 min in ice, the suspension was centrifuged at 10,000 g for 10 min.
The precipitate was dissolved in 10ml of 0.25mol sucrose 5 mmol
Hepes pH 7.4 and dialyzed overnight against the same buffer. The
partially purified antibody was then stored at 4 °C until use.

The partially purified antibody preparations were incubated with
cholate solubilized microsomes in the presence of 5mmol Hepes,
0.25 mol sucrose, 20 mmol sodium fluoride 0.2% cholic acid pH 7.4
for 1h on ice. The mixtures were then centrifuged at 10,000g for
5 min. The supernatants were removed for assay. The immunoprecipi-
tates were washed by resuspension in 0.5 ml of 0.25 sucrose, 20 mmol
sodium fluoride, 5 mmol Hepes pH 7.4 and the pellets were recovered
by further centrifugation at 10,000 g for 5 min. The washed immuno-
precipitates were resuspended in 0.25 mol sucrose 20 mmol sodium
fluoride, 5 mmol Hepes pH 7.4 and assayed immediately.
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Fig.4a and b. Immunoprecipitation of glucose-6-phosphatase activi-
ty from solubilized control and diabetic rat liver microsomes. Antise-
rum raised against rat hepatic microsomal glucose-6-phosphatase was
used to precipitate glucose-6-phosphatase activity from cholate solu-
bilized control and diabetic rat liver microsomes. A—A diabetic glu-
cose-6-phosphatase activity in immunoprecipitate; O—C control
glucose-6-phosphatase activity in immunoprecipitate; A—aA diabet-
ic glucose-6-phosphatase activity remaining in supernatant;
@®—@ control glucose-6-phosphatase activity remaining in superna-
tant; ----- denotes values obtained using control serum. a The experi-
ment was carried out with a fixed amount of microsomal protein
(0.15mg) in the incubation mixture. One hundred % activity was
0.13 umol-ml~!-min~" in incubations of diabetic material and
0.033 pmol-ml~'-min~"! in incubations of control material. Data are
the average from at least 3 different experiments. The bars show the
range of values that were obtained. b The experiment was carried out
with a fixed amount of glucose-6-phosphatase activity (0.066 umol - -
ml~"-min~") in the incubation mixture. Data are the average from at
least 3 different experiments. The bars show the range of values that
were obtained

Results

Comparison of hepatic microsomal
glucose-6-phosphatase activity in control and diabetic rats

Glucose-6-phosphatase activity was measured in dis-
rupted and intact microsomes from fed and diabetic
rats. The specific activity of the glucose-6-phosphatase
enzyme was increased approximatety 4-fold in the dia-
betic animals and the latency of the enzyme was also
greatly increased (Table 1).
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Comparison of the solubilized glucose-6-phosphatase
enzyme from control and diabetic Wistar rat liver

The solubilized glucose-6-phosphatase enzymes from
control and diabetic rat livers were equally labile when
incubated at 30°C (Fig.1). Glucose-6-phosphatase ac-
tivities from control and diabetic rats could both be
stabilized in the presence of sodium fluoride (Fig.1).
During density gradient centrifugation the control and
diabetic rat liver glucose-6-phosphatase enzyme migrat-
ed to the same position (Fig.2). The control and diabet-
ic rat liver microsomal glucose-6-phosphatase were im-
munologically identical as judged by Ouchterlony
double diffusion analysis (Fig.3). These results all indi-
cate that the solubilized glucose-6-phosphatase en-
zymes from diabetic and control rats are very similar.

Immunoprecipitation of the
hepatic microsomal glucose-6-phosphatase enzyme
from control and diabetic rats

Antiserum raised against purified glucose-6-phospha-
tase enzyme from starved Wistar rat livers was used to
precipitate the glucose-6-phosphatase activity from sol-
ubilized microsomes of normal and diabetic animals.
The antiserum was not inhibitory and did not alter the
catalytic activity of the glucose-6-phosphatase enzyme.

Equal amounts (0.15mg of protein) of solubilized
microsomes from the livers of fed and diabetic rats were
incubated with antibody as described in the Methods
section; under these conditions approximately four
times as much antibody was required to precipitate the
glucose-6-phosphatase activity from diabetic micro-
somes than from microsomes of control animals
(Fig.4a). Not surprisingly, when equal amounts of glu-
cose-6-phosphatase activity were added to the incuba-
tion, the same amount of antibody precipitated the
same amount of activity from the microsomes of both
fed and diabetic animals (Fig.4b).

Discussion

Glucose-6-phosphatase activity was first shown to be
increased in the diabetic state in 1954 [1]. The increased
activity of glucose-6-phosphatase in diabetes could be
due either to increased glucose-6-phosphatase enzyme
activity or to increased transport capacity of Ty, T, or T;.
Garland et al. [24] showed that glucose-6-phosphatase
activity was still increased after diabetic rat liver micro-
somes were treated with detergent. Arion et al. [5] dem-
onstrated that in streptozotocin-induced diabetes in the
rat, glucose-6-phosphatase enzyme activity was in-
creased 3-4 fold without appreciably altering the activi-
ty of the translocases. We confirmed these results by
showing that a) the activity of glucose-6-phosphatase
enzyme was 4-fold higher in disrupted microsomes
from diabetic rats than in those from control rats, and b)
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the latency of the glucose-6-phosphatase system in the
intact microsomes was much higher in diabetic rats than
in control rats (Table 1).

Glucose-6-phosphatase activity levels have also
been shown to change after dietary experiments and
following treatment of animals with drugs or hormones
[1, 2, 11, 25, 26]. A number of studies have been under-
taken to determine whether the different levels of glu-
cose-6-phosphatase are due to covalent modification of
the enzyme or to changes in the levels of the enzyme
protein [1, 25, 27-29]. The experimental protocol for
most of these studies was either to pretreat animals with
actinomycin D and/or cycloheximide or to administer
actinomycin D and/or cycloheximide at the same time
as the drug or hormone. The results obtained in these
experiments were somewhat variable and contradictory
because no direct measurements of glucose-6-phospha-
tase protein levels were made.

One possible mechanism by which the activity of the
glucose-6-phosphatase enzyme might be increased in
diabetes is covalent modification of the existing enzyme
protein. In this case, some of the properties of the modi-
fied enzyme might be altered. Arion et al. [5] determined
that the Km of the control and diabetic enzyme in dis-
rupted microsomes was identical. We found that solubi-
lized glucose-6-phosphatase enzyme from control and
diabetic rats was both (a) equally labile at 30 °C (Fig.1);
(b) stabilized completely by sodium fluoride (Fig.1) as
described previously [17] for solubilized glucose-
6-phosphatase from rabbits; (c) migrated to identical
positions during sucrose density gradient centrifugation
(Fig.2) and (d) were immunologically identical as
judged by Ouchterlony double diffusion analysis
(Fig.3). These results demonstrate that the difference in
activity exhibited by the glucose-6-phosphatase enzyme
from control and diabetic rats is very unlikely to be due
to covalent modification.

A second plausible mechanism increasing glucose-
6-phosphatase activity in diabetes could involve the ac-
cumulation of enzyme protein. To establish if this was a
likely mechanism we have immunoprecipitated the glu-
cose-6-phosphatase enzyme from control and diabetic
rats (Figs.4a and 4b). These experiments show that the
increased levels of glucose-6-phosphatase activity in
streptozotocin-induced diabetes are due to increased
levels of glucose-6-phosphatase enzyme protein.

In conclusion, we have determined that the in-
creased hepatic microsomal in glucose-6-phosphatase
activity in streptozotocin-induced diabetic rats is due to
the presence of increased levels of the glucose-6-phos-
phatase enzyme protein.
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