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Summary The NSY (Nagoya-Shibata-Yasuda)
mouse was established as an inbred strain of mouse
with spontaneous development of diabetes mellitus,
by selective breeding for glucose intolerance from
outbred Jcl:ICR mice. NSY mice spontaneously de-
velop diabetes mellitus in an age-dependent manner.
The cumulative incidence of diabetes is 98 % in
males and 31 % in females at 48 weeks of age. Nei-
ther severe obesity nor extreme hyperinsulinaemia is
observed at any age in these mice. Glucose-stimulat-
ed insulin secretion was markedly impaired in NSY
mice after 24 weeks of age. In contrast, fasting plas-
ma insulin level was higher in male NSY mice than
that in male C3H/He mice (545+73 vs 350+
40 pmol/l, p < 0.05, at 36 wecks of age). Pancreatic in-
sulin content was higher in male NSY mice than that
in male C3H/He mice (76 £8 vs 52 =5 ng/mg wet
weight, p < 0.05, at 36 weeks of age). Morphological-
ly, no abnormal findings, such as hypertrophy or in-

flammatory changes in the pancreatic islets, were ob-
served in NSY mice at any age. These data suggest
that functional changes of insulin secretion in re-
sponse to glucose from pancreatic beta cells may con-
tribute to the development of non-insulin-dependent
diabetes mellitus (NIDDM) in the NSY mouse. Al-
though insulin sensitivity was not measured, fasting
hyperinsulinaemia in NSY mice suggests that insulin
resistance may also contribute to the pathogenesis of
NIDDM. Since these findings are similar to the
pathophysiologic features of human NIDDM pa-
tients, the NSY mouse is considered to be useful for
investigating the pathogenesis and genetic predispo-
sition to NIDDM. [Diabetologia (1995) 38: 503-508]
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Non-insulin-dependent diabetes mellitus (NIDDM)
is a heterogeneous disorder, caused by an interaction
of genetic and environmental factors [1-3]. This het-
erogeneity in human NIDDM makes it difficult to
clarify the genetics or pathogenesis of the disease.
Animal models are invaluable for the analysis of het-
erogeneous disorders such as diabetes. This is evi-
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denced by the recent progress in the understanding
of the genetics and pathogenesis of insulin-depen-
dent diabetes mellitus by use of excellent animal
models, such as the nonobese diabetic (NOD) mouse
and the Bio-Breeding (BB) rat [4]. Several animal
models for NIDDM have been described. Although
recent studies have revealed impaired insulin secre-
tion in GK rats [5-7], most of the animal models for
NIDDM are characterized by obesity, hyperinsulina-
emia and islet hypertrophy [8].

The NSY (Nagoya-Shibata-Yasuda) mouse is a
spontaneous model of NIDDM with moderate obesi-
ty that was established by selective breeding for glu-
cose intolerance from a non-diabetic Jcl:ICR mouse
colony [9]. Previous studies suggested that NSY
mice develop renal lesions similar to diabetic nephro-
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pathy [10]. However, the phenotypic characteristics
and pathogenesis of diabetes in this strain are largely
unknown. In this study, we investigated the longitudi-
nal characteristics of glucose tolerance and insulin se-
cretory capacity of the NSY mouse.

Materials and methods

Breeding of NSY mice. Three pairs of NSY mice (F36) were
originally obtained from the Branch Hospital of Nagoya Uni-
versity School of Medicine, and the colony of NSY mice was
maintained in the animal facilities of Osaka University Medi-
cal School by brother-sister mating with selective breeding for
glucose intolerance. NSY mice from F37 to F42 generations
were used in this study. C3H/He mice (Charles River Japan,
Kanagawa, Japan) were used as the non-diabetic control
strain. JchICR mice, from which NSY mice were derived,
were not used as the control strain because they are outbred
and therefore glucose tolerance in JcLICR mice may have
large variations. As a preliminary study, we studied glucose tol-
erance in several inbred strains of mice, such as BALB/c,
DBA/2, C3H/He, and C57BL/6 mice at 24 weeks of age. All
these strains showed similar glucose tolerance except for
C57BL/6 mice which were the most glucose intolerant (data
not shown) as previously reported by others [8, 11]. Since the
C3H/He strain is the second most common strain used as ex-
perimental mice after the C57BL/6 strain [12], we chose C3H/
He mice as the control strain. All mice were given a labora-
tory diet, MF (Oriental Yeast, Tokyo, Japan), containing
24.6 % protein, 5.6 % fat, 3.1 % fiber, 6.3 % ash and 52.8 %
complex carbohydrate and tap water ad libitum in an air-con-
ditioned room (22-25°C) with a 12-h light/dark cycle.

Glucose tolerance test. Intraperitoneal glucose tolerance test
(i.p.GTT) was performed by injecting glucose (2 g/kg in 20 %
solution) intraperitoneally in overnight-fasted mice at 4, 8, 12,
24, 36 and 48 weeks of age. Blood samples were obtained
from the tail vein. Blood glucose concentration was measured
directly by a glucose oxidase method using Glutest E (Kyoto
Daiichi Kagaku, Kyoto, Japan) [13]. Diabetes was defined as a
blood glucose concentration at 120 min during i. p.GTT higher
than 11.1 mmol/l. For measurement of insulin 300 ul whole
blood was collected from the tail vein without anaesthesia at
0 min and 30 min during i.p.GTT and immediately placed on
ice. Plasma was prepared by centrifugation. Plasma insulin
was measured by RIA (ShionoRIA insulin, Shionogi, Osaka,
Japan) with rat insulin (Novo, Copenhagen, Denmark) as a
standard [14].

Measurements of phenotypic characteristics and pancreafic in-
sulin content. After anaesthetization (pentobarbital; 50 mg/kg,
i.p.), body weight and anal-nasal length were measured. Body
mass index was calculated as body weight (g) divided by the
square of the anal-nasal length (cm). The pancreas and epidi-
dymal fat pads were dissected and weighed. Insulin was ex-
tracted from the pancreas by the acid ethanol method [15]
and measured by radioimmunoassay.

In vitro assessment of insulin secretory capacity. In vitro insu-
lin secretory capacity in isolated islets was measured by the
batch incubation method. Pancreatic islets were isolated
from male NSY and C3H/He mice at 12 weeks of age by col-
lagenase digestion [16]. The isolated islets were cultured over-
night in RPMI1640 medium (Sigma, St. Louis, Mo., USA)
containing 11.1 mmol/l glucose, 10% fetal calf serum and
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Fig.1. Cumulative incidence of diabetes among male (®) and
female (O) NSY mice at 4-48 weeks of age. Fourteen to
50 mice were examined at various ages

1% glutamic acid. The isolated islets were pre-incubated for
60 min at 37 °C in Hank’s balanced salt solution (HBSS) med-
ium with 5.5 mmol/1 glucose and 0.1 % bovine serum albumin.
Each batch of 10islets was incubated for 60 min at 37°C in
1.0 ml HBSS medium with 0.1 % bovine serum albumin and
different glucose concentrations (5.5 or 16.7 mmol/l) or L-ar-
ginine (5.5 mmol/l glucose + 20 mmol/l L-arginine). Following
incubation, the islets were collected by centrifugation. The in-
sulin concentration of the incubation media was measured by
radioimmunoassay. DNA content in the islets was measured
by a fluorometric procedure [17]. The insulin release from
the islets was calculated and corrected by DNA content of
the islets.

Histological examination. Histology of pancreatic islets was
studied in male NSY and C3H/He mice at 8 and 48 weeks of
age. The pancreas was dissected and then fixed in neutralized
10 % formalin. Paraffin sections of the pancreas were stained
with haematoxylin-eosin by the standard method. Islet mass
of male NSY and C3H/He mice at 48 weeks of age was quanti-
fied by a microcomputer imaging device (Imaging Research
Inc., Ontario, Canada).

Statistical analysis

All results are expressed as mean + SEM. Statistical analysis
was performed by Student’s ¢ test.

Results

Diabetes in NSY mice. Figure 1 shows the cumulative
incidence of diabetes in NSY mice. At 4 weeks of
age, the incidence of diabetes in NSY mice was 0 %
in both males (0/14) and females (0/17). NSY mice
spontaneously developed diabetes in an age-depen-
dent manner. The cumulative incidence of diabetes
reached 98% (49 of 50) in male NSY mice and
31% (9 of 29) in female NSY mice at 48 weeks of
age.

Growth curve of NSY mice. Body weight of male
NSY mice was moderately greater than that of male
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Fig.2. Body weight changes in C3H/He (O) and NSY (®)
mice from 4-48 weeks of age. n=4-5 in each group. Values
are mean + SEM.
* p <0.05; ** p <0.01; *** p < 0.001 vs C3H/He mice

Table 1. Phenotypic characterization of male C3H/He and
NSY mice at 36 weeks of age

C3H/He mice NSY mice p

n=>5 n=>5
Body weight (g) 373112 512+14 <0.001
Length (cm) 10.7 £0.06 112+0.02 <0.001
BMI (g - cm™) 0.32£0.06 0.41+£0.01 <0.001
Weight of epididymal
fat pads (g) 096+010  1.73+0.13 <0.01
Fasting blood glucose
(mmol/1) 54+03 50+£02 N.S
Non-fasting blood
glucose (mmol/1) 6.3£1.0 9.0+£18 <0.001
Fasting plasma insulin
(pmol/1) 305 £40 545+73 <0.05
Non-fasting plasma
insulin (pmol/1) 641 £ 180 1270 £289 N.S.

Pancreatic weight (mg) 234+ 11 281 +4 <0.01
Pancreatic insulin content
(ng - mg wet weight™) 52+5 76+ 8 <0.05

Values are mean + SEM. N, S, Not significant
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C3H/He mice after 6 weeks of age. Body weight of fe-
male NSY mice was similar to that of female C3H/He
mice (Fig.2).

Phenotypic characteristics in male diabetic NSY mice
at 36 weeks of age. Phenotypic characteristics were
examined in diabetic male NSY mice and male C3H/
He mice (Table1). The body weight, anal-nasal
length and body mass index of NSY mice were sig-
nificantly greater than those of C3H/He mice
(p < 0.001). Weight of epididymal fat pads was signif-
icantly greater in NSY mice than that in C3H/He
mice (p < 0.01). Fasting blood glucose was compara-
ble between the two strains. Non-fasting blood glu-
cose was significantly higher in NSY mice than that
in C3H/He mice (p <0.001). Fasting plasma insulin
of NSY mice was significantly higher than that of
C3H/He mice (p <0.05). Pancreatic insulin content
of NSY mice was significantly higher than that of
C3H/He mice at 36 weeks of age (p < 0.05). In con-
trast, no significant differences were observed in pan-
creatic insulin content at younger ages (NSY vs C3H/
He: 34 £ 4 vs 34 £ 5 ng/mg wet weight at 8 weeks of
age; 24 + 4 vs 23 + 4 ng/mg wet weight at 12 weeks of
age) (n =5, respectively). Pancreatic insulin content
in NSY mice at 36 weeks of age was significantly
higher than that at 8 and 12 weeks of age (p <0.05
for both).

In vivo insulin response to glucose and insulin content
of pancreas. Longitudinal changes in insulin response
to glucose were examined (Fig.3). Insulin response
to glucose was comparable in the two strains at
8 weeks of age. However, after 12 weeks of age, insu-
lin response to glucose was impaired in NSY mice. In
contrast, fasting plasma insulin concentration of
NSY mice was significantly elevated compared to
that of C3H/He mice at 24 and 36 weeks of age
(p <0.05).

36w

Fig.3. Longitudinal analysis of glucose
tolerance and insulin response to glu-
cose during intraperitoneal glucose
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Table 2. Insulin release from isolated islets

Glucose Arginine

5.5 mmol/l 16.7 mmol/l 20 mmol/l
NSY 28175 435+52 509 +7.02
C3H/He 29727 54.2£9.0° 4524530

Values (pg - ngislet DNA™ - h™') are mean + SEM for seven or
eight individual experiments.

Arginine was tested in the presence of 5.5 mmol/l glcuose.

2 p <0.05 vs NSY basal.

b p < 0.05 vs C3H/He basal.

No significant difference was found between NSY and C3H/He
mice

In vitro insulin secretory capacity. Insulin responses to
glucose and a non-glucose stimulus were examined in
vitro using isolated islets from male NSY and C3H/
He mice at 12 weeks of age (Table 2). In C3H/He
mice, insulin response to 16.7 mmol/l glucose was sig-
nificantly greater than that to 5.5 mmol/l glucose
(p <0.05), whereas no significant increase in insulin
release induced by glucose was observed in NSY
mice. In contrast, insulin release was significantly in-
creased by L-arginine in NSY as well as C3H/He
mice (p < 0.05).

Histological examination of pancreas. Histological ex-
amination showed that neither severe hypertrophy
and/or hyperplasia, nor inflammatory changes were
observed in islets of NSY mice at 8 and 48 weeks of
age. Since the islets of NSY mice at 48 weecks age
were slightly larger than those of C3H/He mice
(Fig.4), we studied the percentage of islet area by
quantitative analysis. Islet area of NSY mice was
slightly, but not significantly, larger than that of
C3H/He mice (1.2£03%; n=4, vs 0.91£0.2%;
n=4).

Discussion

NSY mice spontaneously develop diabetes in an age-
dependent manner. The late onset of diabetes in
NSY mice closely resembles the features of human
NIDDM. The cumulative incidence of diabetes was
98 % in males and 31 % in females at 48 weeks of
age. A higher incidence of diabetes in males than
that in females is also reported in other animal mod-
els of NIDDM [8].

Body weights of male NSY mice were moderately
greater than those of male C3H/He mice after
6 weeks of age. In addition, epididymal fat pad
weight in NSY mice was significantly greater than
that in C3H/He mice. These characteristics are simi-
lar to those observed in human NIDDM in which
visceral fat accumulation is a risk factor for glucose
intolerance even in patients with mild obesity [18].
Moreover, fasting hyperinsulinaemia as observed in
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Fig.4. Histologic appearance of pancreatic islets of male non-
diabetic C3H/He mice (A) and male diabetic NSY mice (B)
at 48 weeks of age. Haematoxylin and cosin stain. Magnifica-
tion, x 200

NSY mice is also reported in patients with NIDDM
[19, 20].

Glucose-stimulated insulin secretion was marked-
ly impaired in NSY mice after 24 weeks of age. In
contrast, the pancreatic insulin content of NSY mice
was maintained up to 36 weeks of age. In addition, in-
sulin response to L-arginine was maintained in NSY
mice. These observations suggest that the islets of
NSY mice retain the ability to synthesize insulin and
to release insulin in response to non-glucose stimu-
lus, but insulin response to glucose is impaired. Fur-
ther studies are underway to determine the molecu-
lar mechanisms of the impaired insulin response to
glucose in NSY mice.

Fasting plasma insulin levels of NSY mice at 24
and 36 weeks of age were higher than those of young-
er mice, whereas no significant difference was ob-
served in C3H/He mice. Impairment of insulin ac-
tion with advancing age is responsible for the decline
of glucose tolerance with age in humans [21]. Al-
though insulin sensitivity was not measured in the
present study, fasting hyperinsulinaemia in NSY
mice of older age suggests that insulin resistance as
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well as impaired insulin secretion contributes to the

deterioration of glucose tolerance. Morphologically, .

neither islet hypertrophy nor lymphocytic infiltra-
tion into or around islets was observed in NSY mice.
These findings indicate that diabetes in NSY mice is
not caused by autoimmunity.

In humans, NIDDM is usually of late onset and
characterized by defects in both insulin secretion
and action [1, 22]. In these patients, glucose-stimulat-
ed insulin secretion is selectively impaired, but near
normal response to L-arginine has been reported
[23, 24]. In fact, impaired insulin response to glucose
has been suggested to be an important predisposing
factor for the development of glucose intolerance in
patients with NIDDM |25, 26].

Several animal models of NIDDM have been pre-
viously reported. Zucker fatty rats and C57BL/6 ob
mice are characterized by severe obesity and severe
hyperinsulinaemia, i.e., without impairment of insu-
lin secretion. Although GK rats and C57/BL/Ks db
mcie are characterized by loss of beta-cell function,
diabetes is documented to be of early onset [8]. Only
eSS rats were previously reported as an animal mod-
el of late-onset NIDDM without severe obesity simi-
lar to NSY mice [27].

It is of interest that NSY mice were derived from
JelICR colony, from which NOD and NON mice
were also derived. The NOD mouse is a well known
animal model autoimmune IDDM [28]. NON mice
are reported to show impaired glucose tolerance
without inflammatory changes in pancreatic islets
[29]. Thus, JeICR colony appears to contain the ge-
netic pool for both IDDM and NIDDM, and this is
one reason why we did not use this outbred strain as
control mice.

Another interesting point in NSY mice is the gen-
der difference in the incidence of diabetes, with a
higher incidence in males than in females. Most, if
not all, rodent models of NIDDM so far reported
show a higher incidence of diabetes in males than in
females, as in the case of NSY mice. A similar tenden-
¢y is also reported in human NIDDM in some, but
not all, ethnic groups [30, 31]. Identification of the
factors responsible for the sexual dimorphism in dia-
betes of NSY mice will provide information on the
pathogenesis of NIDDM and effective methods for
the prevention and intervention of NIDDM.

In NSY mice, diabetes is of late onset, and func-
tional changes of insulin secretion in response to glu-
cose appear to contribute to the development of
NIDDM. Although we did not measure insulin sensi-
tivity in this study, fasting hyperinsulinaemia in NSY
mice suggests that insulin resistance may also contrib-
ute to the pathogenesis of diabetes. These character-
istic features in the NSY mouse are similar to those
in humans; thus, the NSY mouse appears to be a
good animal model of human NIDDM. In addition,
since abundant knowledge of the mouse genome has
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accumulated [32], the NSY mouse will be a useful
model for studies on the genetics as well as the patho-
genesis of NIDDM.
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