
Abstract. Background: KK-Ay mice, a relevant model of
human type 2 diabetes mellitus, are used worldwide for the
assessment of pharmacological effects of new anti-diabetes
drugs. Materials and Methods: KK-Ay mice were examined
at five weeks of age (non-hyperglycemic condition) and at 10
and 14 weeks of age (hyperglycemic condition). Results: Islet
cell hypertrophy was observed in 10- and 14-week-old mice.
The area ratio of islet cells to total pancreas significantly
increased compared to that of age-matched C57BL/6J mice.
Plasma insulin concentration increased in 14-week-old KK-
Ay mice. Enlargement of mesangial matrix and increased
glomerular area were seen in kidneys of KK-Ay mice. Fatty
changes were observed in the liver. Total plasma cholesterol
and triglyceride levels increased compared to that of five-
week-old KK-Ay mice. Conclusion: The present results on
young/adult KK-Ay mice indicate that the hyperglycemic
state developing at the early stage of diabetes mellitus is due
to related changes in systemic organs.

It is estimated that 366 million people had diabetes mellitus
(DM) in 2011. By 2030, this number is expected to rise to
552 million (1). The World Health Organization classifies
DM as type 1 and type 2, of which type 2 DM accounts for
more than 90% of patients (2). Type 2 DM is a chronic
metabolic disorder and its prevalence has been steadily
increasing worldwide. High levels of glucose resulting from
insulin resistance and impairment of insulin secretion are
considered a major hallmark of type 2 DM. When the

diabetic condition is prolonged, complications develop, e.g.
diabetic nephropathy, retinopathy, and neuropathy. Recently,
exercise, diet, and medicinal therapy were recommended for
preventing complications of DM. 

The KK mouse is an inbred strain established from
Japanese native mice (3). This strain is identified as a
spontaneously diabetic animal, and several investigators have
reported many diabetic traits, such as impaired tolerance to
glucose, moderate hyperglycemia, insulin resistance of
peripheral tissues, hyperinsulinemia, and renal glomerular
changes (4-7). One investigator transferred the yellow obese
gene (Ay) into KK mice by repeated crossing of yellow
obese mice and KK mice (8). A congenic strain of KK mice,
thus established, was named KK-Ay mice. KK-Ay mice have
also been investigated by many researchers for their diabetic
traits because these mice exhibit early onset and prolonged
severe hyperinsulinemia (9, 10). Additionally, severe
hyperglycemia is developed after two months of existence.
With regard to the morphological characterization of the
related changes in systemic organs of KK-Ay mice, some
investigators have reported on the pancreas, kidney, and liver
(11). The islet size significantly increased in the pancreas of
16- and 20-week-old KK-Ay mice (9, 12). Thickening of the
glomerular capillary basement membrane and enlargement
of mesangial cells were observed in kidneys of 90- to 165-
day-old (13- and 24-week-old) KK-Ay mice (11, 13).
Triglyceride (TG) and alanine aminotransferase (ALT) levels
significantly increased in livers of 14-week-old KK-Ay mice.
However, these reports were independent studies of each
organ, and almost all of these morphological characterization
studies were qualitative, not quantitative. In the present
study, we analyzed and compared both biochemical
examination of blood and histopathological characteristics in
5-week-old KK-Ay mice without hyperglycemia and in 10-
and 14-week-old KK-Ay mice presenting hyperglycemia. We
focused on the pancreas, kidney, and liver as organs
associated with diabetic conditions. The area ratio of islet
cells in the pancreas, glomerular area in the kidney, and area

465

Correspondence to: Professor Hiroyuki Yasui, Department of Analytical
and Bioinorganic Chemistry, Division of Analytical and Physical
Chemistry, Kyoto Pharmaceutical University, 5 Nakauchi-cho, Misasagi,
Yamashina-ku, Kyoto 607-8414, Japan. Tel: +81 755954629, Fax: +81
755954753, e-mail: yasui@mb.kyoto-phu.ac.jp 

Key Words: Diabetes, KK-Ay mice, pancreas, kidney, liver, animal
model.

in vivo 27: 465-472 (2013)

Morphological Characterization of Systemic Changes in 
KK-Ay Mice as an Animal Model of Type 2 Diabetes

TAKAYASU MOROKI1, YUTAKA YOSHIKAWA1, KATSUHIKO YOSHIZAWA2, 
AIRO TSUBURA2 and HIROYUKI YASUI1

1Department of Analytical and Bioinorganic Chemistry, Division of Analytical and Physical Chemistry,
Kyoto Pharmaceutical University, Kyoto, Japan; 

2Department of Pathology II, Kansai Medical University, Moriguchi, Japan

0258-851X/2013 $2.00+.40



ratio of fat deposition in the liver were morphometrically and
quantitatively analyzed to determine the degree of damage in
relation to the diabetic condition.

Materials and Methods

Reagents. The following materials were obtained from Wako Pure
Chemical Co. (Osaka, Japan): Hematoxylin, eosin, formalin,
disodium hydrogen phosphate dodehydrate, sodium dihydrogen
phosphate dihydrate, ethanol, acetic acid, isopropanol, glycerin jelly,
periodic acid, and sodium bisulfite. The following material was
obtained from MERCK Co. (Tokyo, Japan): eosin G. The following
materials were obtained from Waldeck GmbH & Co KG (Münster,
Germany): oil red O and phloxine B. All reagents were of analytical
or reagent grade and were used without purification.

Animals. C57BL/6J mice, the most widely used inbred strain as
non-diabetic mouse model (14), and KK-Ay mice were obtained
from CLEA Japan Inc (Tokyo, Japan) and allowed free access to
solid food (MT, Oriental Yeast Co., ltd. Tokyo, Japan) and tap water.
They were housed in an air-conditioned room at a temperature of

23˚C±1˚C and a humidity of 60%±10%, with lights on from 8:00 to
20:00. The animal studies were approved by the Experimental
Animal Research Committee of Kyoto Pharmaceutical University
(KPU, 2012-083) and were performed according to the Guidelines
for Animal Experimentation at KPU. 

Observation of clinical signs, and measurement of body weight, and
food consumption. Throughout the study, all animals were observed
once a day for clinical signs, general remarks, and behavior. Body
weight and food consumption were measured once a week at 7:00. 

Blood chemical analyses. At the time of sacrifice, a blood sample
for glucose level measurement was obtained from the tail vein of
each mouse and blood glucose levels were determined with a
Glucocard (Arkray, Kyoto). Mice were subjected to a 12-h fast, and
blood samples were collected from the cavernous sinus under
anesthesia by using heparinized tools. Collected samples were then
centrifuged at 650 ×g for 10 min at 4˚C, and the resultant plasma
samples were used to analyze various biochemical parameters.
Plasma concentrations of ALT, TG, and total cholesterol (T-CHO)
were determined by using Fuji Dry Chem 4000 (Fuji Medical Co.,
Tokyo, Japan).
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Table I. Body weight, blood glucose level, and plasma insulin concentration in 5-, 10- and 14-week-old KK-Ay and C57BL/6J mice. 

Body weight (g) Blood glucose level (mg/dl) Insulin (pg/ml)

Age (weeks) 5 10 14 5 10 14 5 10 14

C57BL/6J 14.9±0.2 24.2±2.0 26.9±1.2 156±29 160±25 110±19 13.7±15.1 31.6±40.8 40.7±24.8
KK-Ay 16.7±0.2 38.5±0.9 45.2±5.0 209±16 517±45* 504±66* 105.8±130.1 90.7±94.8 153.5±24.7*

*p<0.05 vs. age-matched control C57BL/6J mice.

Table II. Absolute and comparative weight of kidney in 5-, 10- and 14-week-old KK-Ay and C57BL/6J mice.

Absolute weight of kidney (mg) Comparative weight of kidney (mg)

Age (weeks) 5 10 14 5 10 14

C57BL/6J 183.1±6.8 280.1±23.3 284.3±33.1 1233.2±55.7 1284.9±94.5 1130.8±59.9
KK-Ay 196.9±2.0 467.3±57.8* 491.6±28.1* 1179.0±10.4 1178.4±154.9 1185.6±86.4

*p<0.05 vs. age-matched control C57BL/6J mice.

Table III. Plasma concentration of alanine aminotransferase (ALT), total cholesterol (T-CHO), and triglyceride (TG) in 5-, 10- and 14-week-old
KK-Ay and C57BL/6J mice.

ALT (U/l) T-CHO (mg/dl) TG (mg/dl)

Age (weeks) 5 10 14 5 10 14 5 10 14

C57BL/6J 33±5 39±9 27±17 99±7 117±11 97±13 62±5 60±6 71±28
KK-Ay 26±5 43±8 24±2 116±7 120±20 175±30* 137±28* 171±27* 200±66*

*p<0.05 vs. age-matched control C57BL/6J mice.



Tissue fixation and processing. Pancreata, kidneys, and livers from
3–4 KK-Ay and C57BL/6J mice were removed at five, 10, and 14
weeks of age fixed in 10% buffered formalin, sectioned at a
thickness of 3 μm, and stained with hematoxylin and eosin (HE). In
addition, sequential sections of kidneys and livers were stained with
periodic acid-schiff reagent and oil red O, respectively. 

Morphometric analyses of pancreas, kidney, and liver. HE-stained
sections of each tissue were scanned with a high-resolution digital
slide scanner (NanoZoomer 2.2 Digital Pathology, Hamamatsu
Photonics, Hamamatsu, Japan) to prepare digital images. The ndpi
image files were opened in color mode with NDP.view software
(Hamamatsu Photonics, Hamamatsu, Japan). The islet cell ratio was
calculated as: (area of islet cells/total area of pancreas
specimen)×100, and the area ratio of fat deposition was calculated
as: (area of fat deposition/total area of liver specimen)×100. The
glomerular area was measured in HE sections and average values
were calculated. Histopathological and morphometric evaluations
were conducted by T.M. and reviewed by a toxicologic pathologist
certificated by the International Academy of Toxicologic Pathology
(K.Y.), according to the previously defined histopathological
terminology and diagnostic criteria (15, 16). 

Statistical analysis. All discrete values are expressed as the
mean±standard deviation (SD) and statistically analyzed with the
two-tailed independent Student’s t-test for unpaired samples after
confirming the homogeneity of variance. The statistical analysis was
used to examine the significance of differences in the area ratio of
pancreatic islet cells in the pancreas, fat deposition in the liver, and
glomerular area in the kidney. p-Values of <0.05 were considered
to indicate statistical significance.

Results

General remarks. During the course of the present study,
abnormal clinical signs were not observed. Body weight and
food consumption were significantly increased in 10- and 14-

week-old KK-Ay mice compared with age-matched
C57BL/6J mice (Table I). 

Pancreatic and related changes. At five weeks of age, no
abnormal changes were detected in KK-Ay mice. The islet
cell area ratios were similar to those of C57BL/6J mice:
0.94% and 1.03% in KK-Ay and C57BL/6J mice,
respectively (Figure 1). At the age of 10 and 14 weeks, islet
cell hypertrophy was observed in KK-Ay mice (Figure 2).
Islet cell hypertrophy was characterized by the cell shape,
i.e. cells retained a normal round to oval outline or became
lobular and irregular. The regional distribution of cell types
was retained in hyperplastic islets. The enlarged islet cells
showed no atypia in mice at the age of 10 and 14. Islet cell
area ratios significantly increased in KK-Ay mice compared
with age-matched C57BL/6J mice, or 2.05% and 1.83% in
10- and 14-week-old KK-Ay mice, and 0.70% and 0.72% in
C57BL/6J mice, respectively (Figure 1).

At the age of five weeks, the mice of each strain had
similar blood glucose levels. At the age of 10 and 14 weeks,
KK-Ay mice had significantly higher blood glucose levels
than age-matched C57BL/6J mice (Table I).

In addition, plasma insulin concentrations of KK-Ay mice
increased with age. The levels were significantly increased
in 14-week-old KK-Ay mice compared with age-matched
C57BL/6J mice (Table I). 

Renal and related changes. The absolute weights of the
kidneys of KK-Ay mice were significantly increased
compared with age-matched C57BL/6J mice. However, the
comparative weights of the kidneys of KK-Ay mice were not
different from those of C57BL/6J mice of the same age
(Table II).
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Figure 1. Islet cell area ratio in pancreas of 5-, 10-, and 14-week-old C57BL/6J and KK-Ay mice. Islet cell hypertrophy was observed and the islet
cell area ratio in the pancreas significantly increased in comparison to that of C57BL/6J mice. *p<0.05.



The kidneys of 5-week-old KK-Ay mice revealed normal
histopathological characteristics, and the glomerular areas
were similar to those in C57BL/6J mice. The glomerular
areas were 2,683 and 2,116 μm2 in KK-Ay and C57BL/6J
mice, respectively (Figure 3).

At 10 and 14 weeks of age, glomerular hypertrophy due
to enlargement of the mesangial matrix was observed in KK-
Ay mice (Figure 4). The glomerular areas significantly
increased in 10- and 14-week-old KK-Ay mice compared
with age-matched C57BL/6J mice; these were 4,790 and
5,292 μm2 in KK-Ay mice and 2,928 and 3,191 μm2 in

C57BL/6J mice at the age of 10 and 14 weeks, respectively
(Figure 3). 

Hepatic and related changes. The livers of 5-week-old KK-
Ay mice revealed normal histopathological characteristics.
The area ratios of fat deposition were similar to that of
C57BL/6J mice: 0.61 and 0.60 μm2 in KK-Ay and C57BL/6J
mice, respectively (Figure 5).

In the livers of 10- and 14-week-old KK-Ay mice,
centrilobular vacuolation of hepatocytes was observed,
compared with C57BL/6J mice. The vacuoles were strongly
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Figure 2. Islet cells in 14-week-old C57BL/6J (a) and KK-Ay mice (b). Islet size and number of islet cells in C57BL/6J mice were within normal
ranges. However, in KK-Ay mice, islet cells were enlarged and the number of islet cells was higher than those in C57BL/6J mice. Hematoxylin-
eosin staining (scale bar=200 μm). 

Figure 3. Glomerular area in kidneys of 5-, 10-, and 14-week-old C57BL/6J and KK-Ay mice. The index significantly increased in comparison to age-
matched control C57BL/6J mice. *p<0.05.



stained by oil red O, showing fat deposition (Figure 6). The
area ratios of fat deposition were significantly increased in
10- and 14-week-old KK-Ay mice compared with age-
matched C57BL/6J mice; these were 0.96% and 1.46% in
KK-Ay mice, and 0.48% and 0.72% in C57BL/6J mice at the
age of 10 and 14 weeks, respectively (Figure 5).

In KK-Ay mice, irrespective of the age, plasma
concentrations of ALT were similar to those of age-matched
C57BL/6J mice (Table III). T-CHO levels were 175 mg/dl in
14-week-old KK-Ay mice, and significantly increased at 14
weeks of age compared with age-matched C57BL/6J mice
(97 mg/dl). Plasma TG levels significantly increased in KK-
Ay mice at the age of five, 10, and 14 weeks compared with
age-matched C57BL/6J mice (Table III).

Other organs. The related changes in other main systemic
organs, spleen, eye, and gastrointestinal tract, were also
examined histopathologically; however, no abnormal changes
related to DM were detected in these organs.

Discussion

The present study provides information on the state of the
pancreas, kidney, and liver in 10- and 14-week-old KK-Ay

mice. Our quantitative data confirm the morphometric
changes in each organ. The islet cell ratio in the pancreas,
area ratio of fat deposition in the liver, and glomerular area
in the kidney were significantly higher in KK-Ay mice
compared with age-matched C57BL/6J mice. In previous

reports, thickening of the glomerular capillary basement
membrane and pancreatic islet cell hypertrophy were seen in
10- to 13-week-old KK-Ay mice; however, there was little
detailed information about morphometric analyses (9, 17).

Patients with DM develop hyperglycemia by intermediary
uptake of glucose due to insulin resistance, hyperinsulinemia
(18). The patient’s body has to produce much more insulin to
reduce the blood glucose level. As a result, β-cell islets
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Figure 4. Glomerular morphology in 10-week-old C57BL/6J (a) and KK-Ay mice (b). The size of glomerular and mesangial matrices was in the
normal ranges. However, in KK-Ay mice, glomerular hypertrophy due to enlargement of the mesangial matrix was observed. Periodic acid-Schiff
staining (scale bar=50 μm).

Figure 5. Area ratio of fat deposition in liver of 5-, 10-, and 14-week-old
KK-Ay and C57BL/6J mice. The index significantly increased in
comparison to that of age-matched control C57BL/6J mice. *p<0.05. 



become hypertrophic, which causes more insulin production
(19). Insulin resistance continues for prolonged periods, β-
cells become overloaded, and finally become necrotic. In fact,
islet cell hypertrophy is indicated at the early stage of the
clinical state of DM. When estimating the pharmacological
effect of compounds on DM, it is very important to know the
clinical state of the model animal. In our study, hypertrophy
of islet cells was seen in 10- and 14-week-old KK-Ay mice,
along with a significant increase in the plasma insulin
concentration. The islet cell area ratio of 10- and 14-week-
old KK-Ay mice was significantly higher compared with age-

matched C57BL/6J mice. In the pancreas, necrotic areas were
not detected. In 20-week-old KK-Ay mice, the following
characteristics were reported: increased number of islets,
enlarged area of islets, abundance of large vacuolations, lipid
droplets, and fat proliferation (12). In our study, enlarged
areas of islets and increased numbersf islets were observed in
10- and 14-week-old KK-Ay mice, but lipid droplets and fat
proliferation in islets were not observed. These differences
were possibly due to the different ages studied. These results
suggest that 10- and 14-week-old KK-Ay mice present
morphologically the early stage of clinical DM.
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Figure 6. Hepatic morphology in 14-week-old KK-Ay and C57BL/6J mice. Normal morphology in C57BL/6J mice (a) and centrilobular vacillation
of hepatocytes in KK-Ay mice (b) were seen. Hematoxylin-eosin staining. No staining in C57BL/6J mice (c) and oil red O-positive cells in KK-Ay mice
(d) were seen. Oil red O staining (scale bar=100 μm).



Diabetic nephropathy is the most frequent cause of
chronic kidney disease. Early alteration in diabetic
nephropathy includes the development of glomerular
hyperfiltration and glomerular hypertrophy, followed by
increased urinary albumin excretion, eventually leading to
glomerular sclerosis (20). The overgrowth of mesangial
matrix causes glomerular degeneration, sclerosis, and
development of nephropathy (13). In 90- and 165-day-old
(13- and 24-week-old) KK-Ay mice, thickening of the
glomerular basement membrane was reported (21). In
addition, 16-week-old KK-Ay mice exhibited enlargement of
the mesangial matrix; this continuous pathological state
causes diabetic nephropathy (2, 11). These results suggest
that KK-Ay mice developed early-stage diabetic nephropathy
between 90 to 165 days of age (13- and 24-week-old). In our
study, we observed that the glomerular areas of 10- and 14-
week-old KK-Ay mice were significantly higher compared
with age-matched C57BL/6J mice (Figures 3 and 4). KK-Ay

mice exhibited enlargement of the glomerular mesangial
matrix. Thus, we consider that most of the increase in the
glomerular area is due to enlargement of the mesangial
matrix. Enlargement of glomerular matrix presented in 10-
week-old KK-Ay mice clinically corresponds to the early
stage of diabetic nephropathy in humans.

Excessive fat accumulation in the liver characterizes
insulin-resistant individuals with either too much or too little
subcutaneous fat (22). Obesity and insulin resistance are the
most common associates of non-alcoholic fatty liver disease
(23). KK-Ay mice developed impaired glucose tolerance,
moderate hyperglycemia, insulin resistance of peripheral
tissues, hyperinsulinemia, and renal glomerular changes. In
addition, aged KK-Ay mice presented fatty liver, very similar
to humans (9). Moreover, KK-Ay mice exhibited high blood
levels of TG, T-CHO, AST, and ALT at 28 weeks of age (24).
In our study, high plasma TG concentrations were noted in 5-
week-old KK-Ay mice, but remarkable changes in the liver
were not observed. We observed centrilobular vacuolation of
hepatocytes in 10- and 14-week-old KK-Ay mice, and the
result of oil red O staining indicates that vacuolation derived
from fat deposition, suggesting fatty liver. In addition, blood
T-CHO levels in 14-week-old KK-Ay mice were higher than
those in age-matched C57BL/6J mice. These results suggest
that 5-week-old KK-Ay mice developed hypertriglyceridemia
and 10-week-old KK-Ay mice developed fatty liver, similar
to DM in humans. 

In conclusion, young KK-Ay mice show related changes
in systemic organs, e.g. enlargement of islet cells,
nephropathy, and fatty liver, which are similar to the
characteristics of DM in human. This mouse as a diabetic
model has been used for studies on the benefits of drug
treatments. On the basis of our study results, we conclude
that for the appropriate assessment of therapeutic drugs,
administration should start at 10 weeks of age. After

administration, analyses of the islet cell area ratio in the
pancreas, glomerular area, and fat deposition in the liver are
critical. In addition, we conclude that evaluation of the
morphological assessment is very important because
biochemical parameters, such as plasma insulin levels and
TG levels, were not always correlated with islet size and fat
deposition. 
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