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Differences in liver glycogen-synthase phosphatase activity in rodents
with spontaneous insulin-dependent and non-insulin-dependent diabetes

M. Bollen, S.Keppens and W.Stalmans

Department of Biochemistry, Faculty of Medicine, Catholic University of Leuven, Belgium

Summary. The activation of glycogen synthase after addition
of glucose to isolated hepatocytes became impaired in BB
rats after the development of insulin-dependent diabetes.
This defect was associated with a decreased hepatic synthase
phosphatase activity. Both features correspond closely to
previous observations on alloxan-diabetic rats. In contrast, in
hyperinsulinaemic db/db mice with a similarly increased
plasma glucose concentration (non-insulin-dependent diabe-
tes), the synthase phosphatase activity was essentially

normal. We conclude that the decreased hepatic synthase
phosphatase activity in insulin-dependent diabetes in
rodents is due to the lack of insulin, rather than to the
increased intrahepatic glucose concentration.
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The response of the normal liver to a glucose load in-
volves sequentially the inactivation of glycogen phos-
phorylase and the activation of glycogen synthase, the
rate limiting enzyme of glycogen synthesis [1]. Addi-
tion of glucose reproduces these changes in isolated
liver cells. In experimentally induced diabetes the he-
patic response to glucose becomes deficient a few days
after the administration of alloxan [2]. When hepato-
cytes from such animals are challenged with glucose
the inactivation of phosphorylase proceeds normally,
but the ensuing activation of glycogen synthase is
grossly impaired. This intrinsic defect has been ex-
plained by a functional loss of the glycogen-bound
glycogen-synthase phosphatase [3]. In an attempt to
clarify the underlying mechanism, we have now exam-
ined these parameters of glycogen synthesis in the liver
of rodents with different types of spontaneous
diabetes.

Materials and methods

Handling of animals and livers

Animals of either sex had free access to food and water until killing
(between 09:00 and 10:00 hours). Plasma was prepared from blood
collected on EDTA. As a model for insulin-dependent diabetes we
used BB/Thi rats, about 60% of which develop an autoimmune
diabetes around the age of 14 weeks. Various data were collected

from 11 diabetic rats (4-5 days after the onset of glycosuria) and
from 11 non-diabetic littermates. Hepatocytes were isolated and in-
cubated as described [2] in the presence of the indicated glucose con-
centration. Before the liver was perfused a lobule was isolated and
homogenised in 4 volumes of buffer (50 mmol/] imidazole at pH 7.4,
0.5 mmol/1 dithiotreitol and 0.25 mol/1 sucrose) for the assay of gly-
cogen-synthase phosphatase. For the assay of glycogen synthase a
sample of the homogenate was immediately added to a mixture of
inhibitors of protein phosphatases and kinases [2]. For the determi-
nation of glycogen a sample was heated in the presence of 2.5 mol/1
KOH [4}.

The mice were of the inbred C57BL/KsJ strain. The wild type
(+/+) was compared with homozygotes (db/db) for an autosomal
recessive mutation that leads to the development of a non-insulin-
dependent diabetes. The animals were killed at 7 to 22 weeks of age.
The livers were homogenised as described above.

Assays

Glucose was determined with glucose oxidase, and glycogen was
measured as glucose after digestion by amyloglucosidase [4]. Insulin
was determined with an immunoassay according to Heding [5].
Mouse and rat insulin and anti-pork-insulin guinea pig serum were
purchased from Novo Industri (Bagsvaerd, DK). Glycogen synthase
was assayed in the presence of 10 mmol/l Na;SO4 (synthase a) or
10 mmol/1 glucose-6-P (synthase a+ b) as before [2]. One unit of
synthase converts one umol of substrate/min in the appropriate
assay conditions. The activity of glycogen-synthase phosphatase was
derived from the rate of activation of purified dog liver synthase b by
liver homogenates at a final concentration of 2% [3]. One unit of syn-
thase phosphatase activates 1 unit of synthase b/min. Other assays
and the source of other materials have previously been described
[2-4].
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Table 1. Some body, plasma and liver characteristics in rodents with spontaneous diabetes

Experimental Body Plasma Plasma Liver Hepatic Glycogen synthase Synthase
group (n) weight glucose insulin weight glycogen a+b a phosphatase
(g) (mg/ml) ng/ml) (€3] (mg/g liver) (U/gliver) (% of total) (mU/g liver)
BB/Thi rats
Non-diabetic (4-11) 230 £ 4 150+011  3.50+£061 92 +04 41+£3 147+0.14 11.8+13 843 £ 64
Diabetic (4-11) 181 =11 505+£033  024+£0.10 6.5 +05 7+2 1.96+0.19 81+1.2 372+61
p=0.005 p<10~7 p=0.001 p=0.003 p=0.0002  p=0.052 p=0.049 p=0.00003
C57BL/KsJ mice
+/4+ (3) 23909 1.50+£013 123+0.16 1.19+0.04 43%3 113+£015  13.0&£141 807+37
db/db (8) 372+40 522+£067 676+0.69 212+025 62*5 1.51+0.09 62+1.1 817172
p=0.01 p=0.0004  p=0.00003 p=0.005 p=0.009 p=0.06 p=0.0004  p=09
15 mmol/l glucose 60 mmol/l glucose
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Statistical analysis

The results are expressed as means = SEM for the indicated number
(n) of observations. The unpaired, two-tailed Student’s #test with un-
pooled variance was used to calculate the statistical significance of
the differences.

Results

Table 1 lists various characteristics of diabetic BB rats
(4-5 days after the onset of glycosuria) and of matched
non-diabetic littermates. The diabetic animals had lost
about 20% body weight and 30% liver mass. They
were markedly hyperglycaemic and hypoinsulinaemic.
Their livers were almost depleted of glycogen. The
total concentration of glycogen synthase (a -+ b) was
somewhat increased in the diabetic livers, but a signifi-
cantly lower proportion of the enzyme was in the ac-
tive form.

Figure 1 shows the effect of glucose on the activity
of glycogen synthase in hepatocytes isolated from BB-

rats. Liver cells from normoglycaemic animals re-
sponded to an addition of 15 mmol/1 glucose with an
activation of glycogen synthase until 30% of the total
(a+ b) activity, but no activation occurred in hepato-
cytes from diabetic rats. In the presence of 60 mmol/1
glucose glycogen synthase reached a final activity of
70% in the control group, but less than 30% after the
development of diabetes. The initial rate of activation
of glycogen synthase was 4 to 6-fold lower in the
diabetic cells. In agreement with previous data [6] we
observed that the synthase phosphatase activity in liver
homogenates from the diabetic animals was decreased
by 56% (Table1). The magnitude of the latter loss
corresponded well with the degree to which the activa-
tion of glycogen synthase by a saturating concentra-
tion of glucose was impaired in intact cells (Fig.1b). It
is likely that, in vivo, hepatic glycogen synthesis is fur-
ther hampered by the high glucagon/insulin ratio,
which is expected to increase the activity of the cyclic-
AMP-dependent protein kinase [1, 2].

Data on mice with non-insulin-dependent diabetes
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are illustrated in Table 1. At the time of killing the
db/db mice were markedly obese, hyperglycaemic and
hyperinsulinaemic. Hammad et al. [7] observed that
the pattern of liver glycogen deposition after refeeding
was close to normal in db/db mice. We observed that
the post-absorptive hepatic glycogen stores were in
fact 44% higher in the latter animals than in the wild
type (Table 1). Glycogen is a potent inhibitor of gly-
cogen-synthase phosphatase [1]. This may explain that
the state of activation of hepatic glycogen synthase
was significantly lower in the db/db mice (Table 1).
An important point is that the development of the non-
insulin-dependent diabetic state did not affect the ac-
tivity of glycogen-synthase phosphatase (Table 1). This
observation corroborates previous findings [8] that the
activation of endogenous glycogen synthase pro-
ceeded normally during incubation of liver homoge-
nates from db/db rats.

Discussion

On two accounts, the present findings allow us to in-
terpret unambiguously previous observations on he-
patic glycogen metabolism in alloxan-diabetic rats
[1-3]. First, the impaired activation of glycogen syn-
thase in hepatocytes [2] and the loss of synthase phos-
phatase activity [3] were also observed in BB rats with
spontaneous insulin-dependent diabetes. Therefore,
these changes are not connected to the use of alloxan.
They are general characteristics of insulin-dependent
diabetes.

The second point concerns the mechanism of the
impaired activity of glycogen-synthase phosphatase.
Miller et al. [9] have investigated the restoration of gly-
cogen-synthase phosphatase activity in serum-free pri-
mary cultures of hepatocytes from alloxan-diabetic
rats. Rather surprisingly, the essential factors appeared
to be cortisol and thyroid hormone. Insulin alone was
ineffective. In the presence of the other hormones it
merely enhanced the rate of recovery of synthase
phosphatase [9]. This and other considerations led us
to the hypothesis that the loss of synthase-phosphatase
activity might be the result of a nonenzymatic glycosyl-
ation [1, 3]. It is now widely accepted that such glyco-
sylation of proteins plays a role in the pathogenesis of
some long-term complications of diabetes [10]. More-
over, there are several reports [10] that the activity of
enzymes with a short half-life can also be affected.
Since the intrahepatic glucose concentration equals the

713

plasma glucose level, hepatic proteins can be a target
for glycosylation. However, our observation that the
synthase phosphatase activity is not affected in non-in-
sulin-dependent diabetes, in spite of marked hypergly-
caemia, proves that a putative glycosylation cannot ex-
plain the decreased synthase phosphatase activity in
insulin-dependent diabetes. The results indicate that it
is the shortage of insulin that causes the loss of hepatic
synthase phosphatase activity in the latter condition.
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