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Development of hyperglycaemia and insulin resistance in
conscious genetically diabetic (C57BL/Ks)-db/db) mice
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Summary A bolus injection of insulin dose-depend-
ently reduced plasma glucose levels in genetically
diabetic (db/db) mice and their normoglycaemic litter-
mates ( +/+ mice) aged 5, 8 and 12 weeks. Compared
between the groups, the dose-response curves showed
that insulin resistance was already present in the 5-
week-old db/db mice when they were still normogly-
caemic. The minimum effective dose of insulin was
lower in the +/+ (32pg/kg) than in the db/db
(100 pg/kg) mice and the maximum response which
was obtained at 320-1000 ug/kg of the hormone was
higher in the former (about 80%) than in the latter
(about 55 % ). Although the basal plasma glucose levels
in the db/db mice were significantly increased with age
as compared with those in the +/+ mice, the insulin re-
sponse curves were identical in the db/dbmice from 5to
12 weeks of age. The number of insulin binding sites
were significantly decreased by 22-50% (5-12-week-
old) in the liver plasma membrane from the db/db mice
compared with that from the +/+ mice, while its af-

finity was not significantly changed between the
groups. Streptozotocin (100 mg/kg, i.p.) treatment in-
creased the number of insulin receptors in the db/db
mice to a number comparable with those in the +/+
mice. Coinciding with the change, the hypoglycaemic
action of insulin was slightly enhanced in the streptozo-
tocin-treated db/db mice compared with that in non-
treated db/db mice, but was still considerably de-
pressed when compared with that in +/+ mice. It is
concluded that a simple dose-response study using a
bolus injection of insulin can detect insulin resistance in
db/db mice which occurred before the manifestation of
hyperglycaemia and remained constant during the
course of developing hyperglycaemia. Down-regula-
tion of insulin receptors due to the hyperinsulinaemia
may play only a part in the insulin resistance. [Diabeto-
logia (1994) 37: 739-744]
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NIDDM has been characterized by hyperglycaemia,
hyperinsulinaemia and decreased insulin action, and
the causal relationship between these factors has long
been a subject of experimental studies. Several lines of
evidence [1, 2] suggested that hyperinsulinaemia in
genetically obese ob/ob mice caused a down regulation
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of insulin receptors which in turn leads to the develop-
ment of insulin resistance. Although all these changes
may be involved in the pathogenesis of hyperglycaemia
in ob/ob mice, a direct link between them remains to be
elucidated. Previous work on ob/ob mice suggested
that one or more alteration beyond the receptor down-
regulation plays a major role in insulin resistance of the
tissues [3, 4]. In addition, a genetic analysis of diet-in-
duced diabetic mice (C57BL/6J) by Surwit et al. [5] in-
dicated a lack of relationship between insulin resis-
tance and the degree of hyperglycaemia.

A genetically diabetic mouse (C57BL/KsJ-db/db)
has been introduced by Hummel et al. [6] as an animal
model of NIDDM. Hyperglycaemia develops with age
in these mice, and is preceded by hyperinsulinaemia
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[7]. Insulin resistance has also been detected in per-
fused hindquarter preparations of anaesthetized db/db
mice by Chan and Dehaye [8] and Chan and Tatoyan
[9], who speculated that a defect in the glucose trans-
port system might play a major role in the development
of insulin resistance of the skeletal muscle. However,
there have been few studies on the linkage between the
insulin resistance and the age-associated development
of hyperglycaemia.

The present experiment has a dual purpose. One is
to detect insulin resistance in conscious db/db mice
using a more simple method, and the other is to study
the insulin resistance in relation to the age-dependent
development of hyperglycaemia in the mice.

Materials and methods

Characterization of age-related changes in db/db mice. Female
C57BL/KsJ-db/db mice and their normoglycaemic littermates
(+/+)aged4 weeks were purchased from Jackson Laboratories
(Bar Harbor, Me., USA), housed in our laboratories and fed
standard mouse chow (Clea Japan, Tokyo, Japan) and tap water.
The experiment was performed at the ages of 5, 8 and 12 weeks.

Thirty microlitres of blood was taken from the orbital sinus of
the mice using heparinized capillary tubes (Chase Instruments,
Glen Falls, N.Y., USA), which was then centrifuged at 8,000 g
for 10 min to obtain the plasma. The plasma concentrations of
glucose were determined by the glucose-oxidase method using a
commercial kit (Wako Pure Chemical, Osaka, Japan).

Blood samples were taken from the heart with the mice
under ether anaesthesia, mixed with 500 units/ml of aprotinin
(Boehringer Mannheim, Mannheim, Germany) and 1.2 mg/m!
of EDTA -2Na (Nakarai Tesque, Kyoto, Japan), and centrifuged
at 8,000 g for 10 min. Plasma insulin levels were determined
using a commercial RIA kit (Kabi Pharmacia Diagnostics,
Uppsala, Sweden).

The liver was immediately removed after the blood sampling
and stored at —80°C until used. The frozen liver was homo-
genized in five volumes of 50 mmol/l Tris (Nakarai Tesque,
Kyoto, Japan)/HCl buffer solution (pH7.4) containing
0.25 mol/! sucrose and 500 units/ml of aprotinin under ice/water
cooling. The homogenate was centrifuged at 12,000 g for 30 min
at 4°C. The resulting supernatants were centrifuged again at
40,000 g for 40 min at 4°C to obtain pellets which were resus-
pended in 50 mmol/l Tris/HCl buffer solution (pH 7.4). The sus-
pensions (membrane samples) were stored at —80°C and used
for determining the specific binding capacity and affinity for in-
sulin. The protein concentration was determined by the method
of Lowry et al. [10], with bovine serum albumin (BSA, fraction V
powder; Sigma, St. Louis, Mo., USA) as the standard.

Conditions for the insulin binding studies were similar to
those described by Nishimiura et al. [11]. The membrane samples
(about 1.0 mg protein/tube), 20 nCi/tube of **I-labelled porcine
insulin (Du Pont NEN Research Products, Boston, Mass., USA)
and graded amounts (0-320 ng/tube) of unlabelled bovine pan-
creas insulin (Sigma) were mixed in 0.4 m! of 50 mmol/l Tris/HCl
buffer solution (pH 7.4) containing 2 % (w/v) BSA and 2 mg/ml
bacitracin (Wako Pure Chemical, Osaka, Japan). After 2h at
25°C, the mixtures were centrifuged at 1,000 g for 30 min. The
pellets were washed with 1 ml of the same buffer and the mem-
brane-bound radioactivity in the pellet was measured by a
gamma-ray counter (Auto-Gamma model 5650; Packard,
Downers Grove, Ill., USA). The non-specific binding was deter-

Table 1. Age-related changes in body weight, plasma glucose
and insulin levelsin +/+ and db/db mice

Age Type Body weight Plasma glucose Plasma insulin
(weeks) 3] {mmol/l) (pmol/l)
5 +/+ 175+03 9.2+03 59+ 2
5 db/db 242+0.8* 10.0+0.5 871 £ 65¢
8 +/+ 211+06  103+£02 62+ 5
8 - db/db 395+07° 266112 521 £79*
12 +/+ 27.8£05 9.6+0.1 46+ 5
12 db/db 505170 347+1.7° 163 +16°

Values are presented as mean + SEM of eight mice. ? p <0.001
vs +/+ mice at the same age

mined in the presence of an excess of unlabelled hormone
(2 ug/tube). Binding capacity and affinity for insulin was esti-
mated by Scatchard analysis of the dose-response data.

STZ treatment. STZ (Sigma) was freshly dissolved in 2 mmol/I ci-
tric acid/NaOH buffer solution (pH 4.5) with 154 mmol/l NaCl,
and injected intraperitoneally to +/+ and db/db mice at a dose
of 150 mg/kg and 100 mg/kg, respectively. The doses were se-
lected because the db/db mice were more prone to the toxicity of
STZ than +/+ mice. Three weeks after the injection, the 8-
week-old mice were used for the time-course as well as the dose-
response studies on insulin action described below. They were
also provided for the assays described above.

Hypoglycaemic activity of insulin. Time-course study: eight-
week-old +/+ and db/db mice treated with or without STZ
were given a subcutaneous injection (100 pg/kg) of bovine pan-
creas insulin (Sigma) dissolved in 1 mmol/l HCI solution with
154 mmol/l NaCl. Chow was removed soon after the injection,
and 30 pl of blood was taken from the orbital sinus at 0 (before),
20, 40, 60 and 120 min thereafter and used for determining plas-
ma glucose levels. In a separate experiment to determine time-
course changes in circulating insulin levels after insulin injection,
50 ul of blood was taken at 0, 10, 20 and 40 min after the injection
of insulin (100 pg/kg, s.c.). Plasma glucose and insulin levels
were assayed as described above.

Dose-response study: the above-mentioned time-course
study revealed that the blood glucose response reached its maxi-
mum40 min after the injection of insulin, Thus, 30 plof blood was
taken from the orbital sinus of the +/+ and db/db mice treated
with or without STZ 40 min after s.c. doses of insulin (0, 1,3.2, 10,
32,100,320 and 1000 pg/kg) and served for plasma glucose deter-
minations. The blood glucose levels of the insulin dosing group
were expressed as percent of that of the control group (insulin; 0).

Statistical analysis

All values were given as the mean + SEM. Significance of dif-
ferences between means was assessed using the Student’s r-test.

Results

Body weight and plasma parameters in +/+ and db/db
mice. The characteristics of +/+ and db/db mice aged
5,8 and 12 weeks are compared in Table 1. At 5 weeks
of age, the body weight of the db/db mice was approxi-
mately 1.4 times that of the +/+ mice, and the dif-
ference between the two increased with age. At
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Table 2. Age-related changes in hepatic insulin binding capacity and affinityin +/+ and db/db mice

Age Type High affinity Low affinity
(weeks) Binding capacity K, (nmolA) Binding capacity K, (nmol/l)
(fmol/mg protein) (fmol/mg protein)
5 +/+ 310+61 1.6+03 513+ 87 51+12
5 db/db 161 £26° 1.2+0.1 257+ 39° 3.9+09
8 +/+ 369 £26 0.8+0.04 601+ 48 22+04
8 db/db 190 £14° 0.8£01 318+ 19° 1.9+0.1
12 +/+ 552 £67 1.2£0.1 938 +114 3.0+£04
12 db/db 358 £41° 1.0+£0.1 734 £119 2.6+04

Values are presented as mean + SEM of eight mice. 2 p < 0.05, ®p <0.001 vs +/+ mice at the same age

5 weeks, plasma glucose levels were not different
between the db/db and +/+ mice, and then significant-
ly increased in the former (5-week-old db/db vs
8-week-old or 12-week-old db/db, p < 0.001), but re-
mained constant in the latter. The differences between
the two increased with age. The plasma insulin levels of
the db/db mice peaked at 5 weeks, then decreased age-
dependently, whereas those of the +/+ mice remained
constant. The differences between the two were statis-
tically significant at all ages, but decreased with age.

Insulin receptors in +/+ and db/db mice. A Scatchard
plot of displaced *I-insulin by insulin was linear at the
lower and higher concentrations of the latter, revealing
high and low affinity binding sites in the mouse mem-
brane samples from the liver (data not shown). Insulin
binding, either of high or low affinity, was almost
halved in the membrane preparations from 5-week-old
db/db compared with +/+ mice (Table 2). Thereafter,
the binding increased with age in both groups. How-
ever, the degree of change was greater in the db/db than
in +/+ mice, and the difference between the two de-

Table 3, Effect of STZ on body weight, plasma glucose and in-
sulin levelsin +/+ and db/db mice

Type Body weight  Plasma glucose  Plasma insulin
(8) (mmol/) (pmol/)

+/+ 226+0.6 9.9+0.2 39+ 5

STZ-+/+  16410.6° 382+0.8 25440

db/db 39.9+0.72 250x1.0° 439 1 49

STZ-db/db  222+1.1° 371+£1.3 62+ 9

Values are presented as mean £ SEM of eight mice. ? p < 0.001
Vs +/+, °p <0.001 vs db/db mice

creased with age. The Ky values did not significantly
differ between +/+ and db/db mice, though they
tended to be lower in the latter.

Body weight and plasma parameters after STZ treat-
ment. As shown in Table 3, STZ treatment significantly
reduced body weight and plasma insulin levels, and in-
creased plasma glucose levels in the +/+ as well as in
the db/db mice. The STZ treated db/db mice showed
44 % reduction of body weight, and were approximate-
ly the same weight as the +/+ mice. A similar but
slightly lower reduction of body weight (27 % ) was ob-
served in the +/+ mice after STZ treatment. The in-
crease in plasma glucose induced by STZ treatment
was greater in the +/+ (286%) than in the db/db
(48 %) mice, and the plasma glucose level was approxi-
mately equal between the +/+ and db/db mice after
treatment. Plasma insulin levels decreased by 58 % in
the +/+ mice, and by 86 % in the db/db mice after STZ
treatment, which in the STZ treated db/db mice was
approximately equal to that in the intact +/+ mice.

Insulinreceptors after STZ treatment. STZ treatment in
the +/+ mice hardly affected the number and K, value
of insulin receptors, either of high or low affinity
(Table 4). In contrast, both the number and K, values
of the receptors increased in the db/db mice after STZ
treatment, becoming almost equal to those in the intact
+/+ mice.

Hypoglycaemic action in +/+ and db/db mice treated
with or without STZ. Figure 1 shows the time-course
changes in plasma glucose levels after the injection
of insulin (100 ug/kg, s.c.) in the 8-week-old +/+ and

Table 4. Changes in hepatic insulin binding capacity and affinityin +/+ and db/db mice with or without STZ treatment

Type High affinity Low affinity
Binding capacity K, (nmol/1) Binding capacity K, (nmol/1)
(fmol/mg protein) (fmol/mg protein)
+/+ 334+£16 12401 51733 31104
STZ-+/+ 295+16 14+0.1 472+£31 3.8+0.3
db/db 178 +12# 1.0+0.1 291 £ 140 23+0.2
STZ-db/db 319414 1.3+0.1° 558+27° 31403

Values are presented as mean + SEM of eight mice. * p <0.001 vs +/+ mice; ® p <0.05, p < 0.001vs db/db mice



742

100

80
604 NN N_—F T

404 NN~ T =

Plasma glucose (% of control)

b1 I, .
0O 20 40 60 80 100 120
Time after injection (min)

Fig.1. Time-course change in plasma glucose levels after insulin
injection in normal and diabetic mice. —C—, +/+ mice;
--@--,STZtreated +/+ mice;—A~—, db/db mice; ---a---,STZ
treated db/db mice. Values are presented as percent of respec-
tive controls (mean + SEM, n = 8)
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Fig.2. Time-course change in plasma insulin levels after insulin
injection in normal and diabetic mice. —O—, +/+ mice;
--@--,STZ treated +/+ mice;—A—, db/db mice; ---a---, STZ
treated db/db mice (mean + SEM, n = 8)
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Fig.3. Effect of insulin on plasma glucose levels in +/+
and db/db mice aged 5, 8 and 12 weeks. —O—, S-week-old
+/+ mice; ---@--, 5-week-old db/db mice; —A—, 8-week-
old +/+ mice; ---a---, 8-week-old db/db mice; —O—, 12-
week-old +/+ mice; --M--, 12-week-old db/db mice. Values
are presented as percent of respective controls (mean + SEM,
n=8)
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db/db mice treated with or without STZ. Although
the dose of insulin exerted significantly greater effect in
the +/+ mice than in the db/db mice ¢/+vs db/db at all
time-intervals, p <0.001), the dynamics were similar
between the groups, and the maximum hypoglycaemic
action was observed at 40 min after the injection. The
time-course change of plasma glucose levels hardly dif-
fered between the non-treated and STZ-treated +/+
mice and showed maximum decreases at 40 min after
the injection. Although the time-course change was
similar between the STZ-treated and non-treated
db/db mice, the response to insulin was greater in the
former at all time-intervals.

After the injection of insulin (100 ug/kg, s.c.) to the
8-week-old +/+ and db/db mice treated with or with-
out STZ, the plasma insulinlevels peaked at 20 min and
then decreased thereafter in the all groups (Fig.2).
Similar circulating insulin levels were observed at 10
and 20 min in the db/db and +/+ mice, but the levels at
40 min in the former were significantly higher than
those in the latter (db/db vs +/+; 91%0.6 vs
45+ 0.5 nmol/l, p<0.001). Compared with non-
treated mice, STZ treatment hardly affected the plas-
ma insulin levels at 10 and 20 min in the +/+ or the
db/db mice, but the levels at 40 min tended to decrease
with STZ in both the groups. The insulin levels at
40 min in plasma obtained from the mice injected with
only vehicle (1 mmol/HCI solution with 154 mmol/l
NaCl) were 0.09+0.02, 0.77+£0.14, 0.04£0.01 and
0.13£0.02 nmol/l in +/+, db/db, STZ-treated +/+
and STZ-treated db/db mice, respectively.

The insulin dose-response curves were compared
between the +/+ and db/db mice aged 5, 8 and
12 weeks (Fig.3). Insulin (1-1000 pg/kg) dose-depen-
dently decreased the plasma glucose levels in both the
groups. The dose-response curve in the 5-week-old
db/db mice apparently shifted to the right compared to
thatin the +/+ mice at the same age. The minimum ef-
fective doses were 32 and 100 pg/kg in the +/+ and
db/db mice, respectively. In addition, the maximum hy-
poglycaemic responses which were obtained with
1000 ug/kg of insulin were greater in the +/+
(82+2%, decrease) than in the db/db (56 £2%, de-
crease) mice. Though basal plasma glucose levels pro-
gressively increased with age in the db/db mice (8-
week-old, 26.6+1.2; 12-week-old, 34.7 +£1.7 mmol/l),
the dose-response curves were almost identical irre-
spective of their ages. The same was true for the +/+
mice. The insulin dose-response curves in the +/+
mice were similar with or without STZ treatment
(Fig.4). STZ treatment in the db/db mice increased the
response to insulin doses without changing the mini-
mum and maximum effective doses.
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Fig.4. Effect of insulin on plasma glucose levels in +/+ and
db/db mice with or without STZ treatment. —O—, +/+ mice;
--@--,STZtreated +/+ mice;—A—, db/db mice;---a---,STZ
treated db/db mice. Values are presented as percent of respec-
tive controls (mean £ SEM, n =16)

Discussion

In vitro studies have shown that insulin action is de-
pressed in the skeletal muscle and liver of db/db mice
[8, 9, 12]. Extending the previous results, we detected
insulin resistance in conscious db/db mice using simple
determination of plasma glucose levels after a subcuta-
neous injection of insulin at various doses. In order to
address the possibility that the low effectiveness of in-
sulin in db/db mice may be due to its low absorption
rate, we measured plasma insulin levels in db/db and
+/+ mice after the injection. Although plasma insulin
levels at 40 min after the injection were slightly higher
in db/db mice than +/+ mice, similar plasma insulin le-
vels were observed at 10 and 20 min after the injection
of insulin (100 ug/kg, s.c.) in both the groups. This indi-
cates that the absorption rate of s. c. injected insulin was
not lower in db/db mice than thatin +/+ mice, exclud-
ing the previously mentioned possibility.

The minimum effective dose of insulin on plasma glu-
cose levels washigherin the 5-week-old db/db mice than
inthe +/+ mice, and the maximum response was lower
in the former. The difference in the dose-response
curves can hardly be attributed to the basal plasma glu-
cose levels because the levels were not significantly dif-
ferent between the two at the same age. According to
Chan and Dehaye [8] and Chan and Tatoyan [9] basal
glucose uptake in the perfused hindquarters of 5-week-
old db/db mice was depressed when compared with that
of +/+ mice at the same age. However, they also
showed that the glucose uptake was increased to a simi-
larlevel with 1000 pU/ml of insulinin the db/dbmice and
by 10 uU/ml of insulin in the +/+ mice. Slightly lower
but comparable basal plasma insulin levels were ob-
tained in the present experiment (871 pmol/l in the
db/dbmice and 59 pmol/linthe +/+ mice,at5 weeks of
age). Itis thusreasonable to assume that glucose uptake
by the skeletal muscle may be similar between the 5-
week-old db/db and +/+ mice being compensated for

in the former by hyperinsulinaemia. Insulin resistance,
although it exists in the young pre-diabetic db/db mice,
appears to be compensated for by the hyperinsulin-
aemia.

Decreased sensitivity and maximum responses to
exogenous insulin were also found in the 8 and 12-
week-old db/db mice, when they developed significant
hyperglycaemia. This change in insulin dose-response
curve was not due to the difference in basal plasma glu-
cose levels between the db/db and +/+ mice, since
STZ treatment of the +/+ mice increased basal plas-
ma glucose levels but hardly affected the insulin dose-
response curve. On the other hand, when different ages
of db/db mice were compared, the insulin dose-re-
sponse curves were almost the same both before and
after the manifestation of hyperglycaemia, and scarcely
any unidirectional change was observed despite the
age-dependent increase in basal plasma glucose levels
in the 5-12-week-old db/db mice. These results support
the view that insulin resistance per se may not be direct-
ly involved in the age-associated development of
hyperglycaemia. This is in accordance with the genetic
analysis in diet-induced diabetic C57BL/6J mice by
Surwit et al. [S] who indicated that insulin resistance
and hyperglycaemia are controlled by different genetic
factors. On the other hand, it has been reported that
plasma glucagon levels and hepatic gluconeogenic
enzyme activity increases with age in db/db mice [13~
15], suggesting an important role for hepatic glucose
production in the age-related development of hyper-
glycaemia in db/db mice.

The present *#L-insulin binding study to liver plas-
ma membranes revealed that the number, not the af-
finity, of insulin receptors decreased in the db/db mice
compared with the +/+ mice at all ages. The dif-
ference between the mice paralleled that of the plasma
insulin levels, peaking at 8 weeks of age. In addition,
STZ treatment to the db/db mice completely abolished
the hyperinsulinaemia and increased the receptor
number to thelevel of the +/+ mice. These results par-
allel those in obese hyperinsulinaemic animals such as
ob/ob mice [3, 4] and Zucker (fa/fa) rats [16, 17], sug-
gesting that hyperinsulinaemia causes a down-regula-
tion of insulin receptor in the liver and peripheral tis-
sues. In fact, it has been reported that in vitro exposure
to insulin decreased the number but not the affinity of
insulin receptors in cultured human lymphocytes [18,
19] and rat hepatocytes [20]. The liver has a relatively
high level of insulin binding capacity, and activation of
the receptors by insulin suppresses the glucose produc-
tion rate and potentiates glycogen synthesis which
might contribute to its hypoglycaemic action. It is thus
possible that the down-regulation of hepatic insulin re-
ceptors is involved in the insulin resistance of db/db
mice. However, the insulin action in db/db mice deter-
mined in the present study was only partially enhanced
after STZ treatment, and there was still a considerable
difference in the action between the STZ-treated db/db
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and the +/+ mice. These results indicate that factors
other than hepatic insulin receptor deficiency may play
a major role in the insulin resistance of db/db mice. Le
Marchand et al. [3] also reported an increase in insulin
binding following prolonged fasting or STZ treatment
in association with enhanced insulin-stimulated glu-
cose metabolism in the isolated soleus muscle but not in
the perfused liver of ob/ob mice, indicating that the re-
lationship between insulin binding and its metabolic ac-
tion is not identical in all tissues.

In conclusion, the simple insulin dose-response
study in conscious db/db mice clearly demonstrated in-
sulin resistance in the mice. The insulin resistance oc-
curred before the manifestation of hyperglycaemia,
and remained constant despite the development of
hyperglycaemia. Insulin receptor deficiency due to re-
ceptor down-regulation can only explain a part, not all,
of the insulin resistance in db/db mice. '
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